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 Drying is one of the oldest and most complex unit operations in the food industry. Four 
billion tons per year of food are produced for human consumption worldwide, and about 20% of 
the products are dehydrated. Hot-air drying is the most widely used drying method for preserving 
fruits and vegetables. It is, however, a time-consuming and energy-intensive process. Elevated 
temperatures and long drying times produce undesirable quality changes in the final products. 
Numerous efforts have focused on improving drying efficiency and product quality by developing 
new drying technologies and new pretreatments for the raw materials. However, few researchers 
have evaluated the combined effects of different pretreatments and operational drying conditions, 
making it difficult to replicate their results on a commercial manufacturing scale. Since the drying 
conditions (air velocity, humidity, and temperature) are variable within the same location, the 
reports have shown inconsistent results in the drying kinetics of fruits and vegetables. 
 Researchers have studied the drying kinetics of fruits and vegetables with various drying 
temperatures, air velocities, sample sizes, and pretreatments, but very few attempts have looked 
into the effects of the intake air humidity on the drying kinetics, nor did many groups evaluate 
their hot-air drying results over a significant range of temperatures, air velocities, or intake-air 
humidities. Furthermore, the previous studies often used only one food type to evaluate their 
drying process. During drying experiments, the nature of the sample is important for evaluating 
and explaining the drying behavior and kinetics. The overall goal of this study was to develop a 
new hot-air dryer platform capable of modifying drying parameters such as the temperature, 
velocity, and relative humidity of the intake air for the purpose of evaluating the drying of food 




 In the first study, the use of ultrasonication as a pretreatment for the enhancement of the 
hot-air drying of selected fruits and vegetables and the hydration of barley grains was evaluated. 
The design of the ultrasonication pretreatment took into consideration its potential inclusion in a 
typical industrial line. The ultrasound pretreatment was shown to reduce the thermogravimetric 
analyzer (TGA) drying time by up to 22%, yielding products with lower equilibrium moisture 
content (which can improve shelf-life), and increasing the hydration rate and equilibrium moisture 
content of hydrated grains. 
 The second study was undertaken to examine changes in the drying and drying rate curves, 
moisture diffusivity, and microstructures of fresh and spoiled plant tissues. Currently, there is no 
information available for understanding the differences between the drying of edible tissues and 
that of food waste materials. Significantly higher yeast and mold counts (log CFU/g) were found 
in the spoiled tissues, causing tissue softening and deterioration. The TGA drying curves showed 
that spoiled plant tissue dried significantly faster (up to 30%) than its fresh counterpart, with a 
higher effective moisture diffusivity. The results demonstrated that drying spoiled plant tissues 
would be less time consuming and potentially less energy intensive than drying fresh ones. 
 In the third study, the effects were evaluated of hot-air drying (AD), freeze drying (FD) 
and  refractance-window drying (RWD) on the color (L*, a*, b*, and E), glass transition, specific 
heat, and surface morphology of 4 fruits and 3 vegetables. The quality retention in the dried fruits 
and vegetables was found to be product and drying-method specific. The FD products exhibited 
better quality retention than the other drying methods. The AD fruits and vegetables displayed 
significantly less quality retention in most of the quality indexes measured in the study. The AD 
kale and spinach had similar but darker colors than the control, indicating chlorophyll degradation. 
RWD also yielded relatively good product quality. 
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 In the fourth study, we developed a new single-channel hot-air drying platform with the 
capacity to control air velocity, relative humidity, and temperature to evaluate the drying kinetics 
of apples, strawberries, and chickpeas, with and without an ultrasound pretreatment. Four thin-
layer models were used to examine the drying data. Changes in selected quality attributes were 
evaluated to examine the effects of drying under different hot-air conditions.  The results showed 
that an ultrasound pretreatment enhanced the drying of apples, as shown by a shorter drying time, 
higher drying rate, higher moisture-diffusivity value, and less quality degradation. The thin-layer 
models provided a good fit for the drying data. The effects of the conditions on the drying kinetics 
were product-type dependent. Relative humidity played an important role as well. 
 In summary, the newly developed single-channel hot-air dryer platform established an 
important research tool to accurately replicate the drying and atmospheric conditions normally 
encountered in a commercial manufacturing facility. This research tool allows accurate control of 
drying temperature, air velocity, and relative humidity of the intake air, and the evaluation of the 
drying kinetics of different products. This equipment can be used to create drying guidelines for 
specific products by establishing the highest final-product quality and the highest drying efficiency 
at specific drying parameters. Furthermore, drying conditions can be recommended to commercial 
manufacturers depending on their location, the time of year, and the desired quality of the final 
product.  
 In addition, the information obtained during the design, fabrication, and test runs of the 
single-channel hot-air dryer was used to develop a multichannel hot-air dryer platform, which can 
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 Drying is an effective method to reduce water activity (aw) to below 0.6 for the production 
of shelf-stable food products or food ingredients (Orsat et al., 2007, Doymaz, 2012). Dried 
products acquire reduced weight and volume thus reducing the costs of packaging, transportation, 
and storage. Drying removes moisture from food mostly via a phase change, i.e., via evaporation 
or sublimation. Consequently, energy, mostly in the form of thermal energy, has to be supplied in 
a drying process to provide energy for the phase change and enable moisture removal. Hot-air 
drying is the most widely used drying method due to its low production cost, flexibility, and high 
throughput (Bondaruk et al., 2007, Doymaz, 2008, Figiel, 2009, Calín-Sánchez et al., 2013, Sojak 
et al., 2013, Karaman et al., 2014). It is normally performed at air temperatures of 50 °C to 110 °C 
and air velocities of 0.1–5 m/s.  
 Over the years, efforts have been made to intensify the heat and mass transfer processes in 
the food processing industry with the purpose of improving process efficiency and product quality. 
One recently proposed method is to use ultrasound to enhance a transport process.  
 Ultrasound refers to mechanical waves with frequencies above the threshold of human 
hearing (e.g., 20 kHz). The ultrasound used in process intensification is termed as power 
ultrasound, having acoustic frequencies between 20 and 100 kHz and sound intensity of 1000 
W/cm2 (Kentish and Feng, 2014). The mode of action in an ultrasound treatment is often attributed 
to cavitation activities. Cavitation is defined as the formation, growth, and collapse of tiny gas 
bubbles in a liquid media (Kentish and Ashokkumar, 2011). For plant tissues immersed in an 
ultrasound treatment tank or chamber, the cavitation-induced activities may cause changes in the 
plant cell surface structure when the cavitating bubbles collapse near the interface. When a 
symmetric bubble formed during cavitation collapses at a solid-liquid interface, a liquid jet can be 
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produced that travels into and through the cavitation bubbles (Lauterborn and Mettin, 2015). This 
jet goes through the cavity and hits the solid. This phenomenon occurs multiple times during the 
ultrasonic pretreatment of a solid sample inside a water tank. The velocity of liquid jets is estimated 
to be 10 
𝑚
𝑠
 or more. This high velocity can disrupt the surface structure of the solid (Lauterborn 
and Mettin, 2015) and increase transmembrane flux by changing the cell-membrane permeability 
or cell-wall integrity (Awad et al., 2012).  
 Other factors affecting the mass transport process during hot-air drying are air temperature, 
air velocity, and air humidity. Researchers working on drying of biomaterials have realized the 
importance of these operational factors on drying kinetics, moisture diffusivity, and changes in 
product quality (Karathanos et al., 1990, Belhamri, 2003, Doymaz, 2008, Chen et al., 2012, 
Doymaz, 2012). Previous studies have documented the effect of drying method, temperature, and 
air velocity, but no one seems to have examined the effect of air humidity on drying and quality 
of the product. This is mainly caused by a lack of suitable drying equipment capable of regulating 
relative humidity of the intake air. 
 In a hot-air drying process, a high-temperature fluid (air) provides the energy necessary for 
the phase change of water from liquid to vapor (Cárcel et al., 2017). The air also carries away 
vapor (moisture) from product surfaces, which is one way for water to transfer from the interior of 
the food to the surface (Hernandez et al., 2000). In most drying studies, only the temperature and 
velocity of the drying air is evaluated. Humidity of the intake air is usually omitted or not 
considered when evaluating drying kinetics. Nevertheless, the few who had examined the changes 
of temperatures and intake air humidity were limited to a relatively narrow range. During drying 
experiments, the nature of the sample will be important to evaluate and explain the drying behavior 
and kinetics. Until today, no report has documented the design, fabrication, and application of a 
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single-channel hot-air dryer platform that allows accurate control of temperature, air velocity, and 
relative humidity of the intake air over a wide range to make it possible to replicate commercial 
manufacturing conditions. In addition, most publications reported drying experiments using only 
one type of food to evaluate drying performance; thus, their findings may and may not be able to 
be extrapolated to drying of other products.  
 The overall goal of this project was to develop a new hot-air dryer platform capable of 
modifying all hot-air drying parameters such as temperature, velocity and relative humidity of the 
intake air for the purpose of evaluating drying of foods with different microstructures. The specific 
objectives were as follows: 
• Investigate the effect of ultrasound pretreatment on heat and mass transfer in 
products with different porous media characteristics (peeled apple cylinders with a porous 
surface, green peas with thick outer skin, and whole barley grains with hard outer shell) 
during TGA hot-air drying of apples and green peas, and rehydration of whole barley 
grains. 
• Evaluate the TGA drying kinetics of selected fresh and spoiled fruits and vegetables 
with different external and internal structures (strawberries [porous surface] and green bell 
peppers [thick outer skin]) to study changes between fresh and spoiled samples caused by 
spoilage activities.  
• Examine the effect of hot-air drying, freeze drying, and Refractance Window 
drying on physical characteristics of four fruits (blueberry, cherry, cranberry, and 
strawberry) and three vegetables (broccoli, kale, and spinach). 
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• Develop a single-channel drying platform capable of operating at a wide range of 
drying temperatures, intake air humidities, and air velocities to conduct hot-air drying and 
to evaluate the drying kinetics of apples, strawberries, and chickpeas.  
The hypotheses of this study were: a) ultrasonication pretreatment enhances drying and hydration 
of selected fruits, vegetables and grains; b) tissue decay caused by spoilage influences drying 
characteristics of agricultural materials; c) drying method affects physical and thermal properties 
of dried foods and vegetables; and d) single dryer platform can be used as a reliable tool to evaluate 
the effect of different levels of important variables of drying processes (drying temperature, 
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 Ultrasound is described as elastic sound waves with a frequency between 20 kHz and 10 
MHz. The wavelength is inversely proportional to the frequency, with ultrasound wavelengths in 
the range of centimeter to nanometers (Gallego-Juárez et al.). The high-intensity low-frequency 
sound waves are considered power ultrasound, and due to its high intensity, it can modify the 
physical, chemical and/or biological properties of the sonicated material (Gallego-Juárez and 
Graff, 2014). The most common operational range for power ultrasound applications is between 
20 kHz and 100 kHz, with a sound intensity of up to 1000 W/cm2 (Feng et al., 2008). 
 When a longitudinal ultrasonic wave travels through a liquid medium, a series of 
compressions and rarefactions is formed. The sound pressure in a compression region is positive, 
while that in a rarefaction one is negative. When the superposition of local static pressure and the 
negative pressure of a rarefaction region is greater than the tensile stress of the liquid, the liquid 
will be torn apart and a cavity forms (Feng, 2011, Awad et al., 2012). Cavitation is defined as the 
formation, growth, and collapse of a gas/vapor cavity in a liquid medium. (Kuznetsova et al., 2005, 
Feng, 2011, Awad et al., 2012, Schössler et al., 2012) . Cavitation can cause changes in a plant’s 
surface-cell structures when it takes place near them. 
 Jet formation is another important occurrence during ultrasonication. When a symmetric 
bubble formed during cavitation collapses at a solid-liquid interface, a liquid jet can be produced 
that travels into and through the cavitation bubbles (Lauterborn and Mettin, 2015). This jet goes 
through the cavity and hits the solid. This phenomenon occurs multiple times during the ultrasonic 





 or more. Their high velocity can disrupt the surface structure of the solid (Lauterborn and Mettin, 
2015).  
 The asymmetrical micro-jets produced at a solid-liquid interface have a disruptive effect 
on materials (Fernandes and Rodrigues, 2007, Awad et al., 2012, Schössler et al., 2012). These 
cavitation-induced actions may increase transmembrane flux by changing the cell-membrane 
permeability or cell-wall integrity (Awad et al., 2012). These effects can be enhanced by increasing 
the number of cavitation bubbles by using a multifrequency ultrasonication transducer or by 
increasing the bubble-implosion power through an application of hydrostatic pressure during 
sonication (Feng, 2005). 
Some uses of ultrasonication in the food industry include: 
 Emulsification: localized high temperature and high pressure during cavitation activities 
enhance the emulsion of immiscible liquids, even without the presence of an emulsifier (Feng, 
2005, Kaci et al., 2014).  
 Solvent extraction: the cavitation activities during ultrasonication change the permeability 
of plant cells exposed to ultrasonication, aiding in the extraction of components (Feng, 2005, Feng 
et al., 2008, Novak et al., 2008, He et al., 2016). 
 Microbial inactivation: ultrasound treatment alone or in combination with a sanitizer has 
been used to improve the inactivation of pathogenic microorganisms from fresh produce (Feng et 
al., 2013, Palma-Salgado et al., 2014, Palma et al., 2017) without producing significant adverse 
changes in the final quality of the product (Salgado et al., 2014). Ultrasonication in combination 
with mild heat and/or low hydrostatic pressure is also effective in inactivating bacteria or enzymes 
in a liquid product (Lee et al., 2009, Lee et al., 2013, Kahraman et al., 2017) The enhancement 
usually occurs at elevated temperatures. The liquid jets formed during cavitation have a 
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mechanical effect on the polymers of the microbial cell walls, causing damage and thus a microbial 
reduction. Also, high shear stress created by the ultrasound may cause adverse effects on the cell 
walls of the pathogenic microorganism (Feng, 2005).  
 Ultrasonic enhancement of heat and mass transfer: ultrasound treatment is shown to 
enhance heat and mass transfer during food processes, including the drying of bananas (Fernandes 
and Rodrigues, 2007, Azoubel et al., 2010), drying of apples (Deng and Zhao, 2008, Rodríguez et 
al., 2014), hydration of beans and grains (Yildirim et al., 2011, Ghafoor et al., 2014, Miano et al., 
2016), freezing of potatoes (Da-Wen Sun, 2003) and apples (Delgado et al., 2008), grain 
germination (M. Yaldagard, 2007), and osmotic dehydration of papaya (Rodrigues et al., 2009), 
among others. In most cases, the mechanical effect of cavitation changed the external 
microstructure of the samples exposed to ultrasonication, opening new channels for mass transfer 
(Feng, 2005). 
 Ultrasound-assisted (UA) drying is among the latest endeavors to enhance drying 
processes. Reports have shown that the ultrasound-assisted drying of fruits and vegetables 
exhibited accelerated drying rates and improved product quality due to the reduced drying time 
and lower temperatures (Gallego-Juárez et al., 2007, Awad et al., 2012). Ultrasonic-pretreated 
plant tissues have been reported to have enhanced drying rates, which may be attributed to 
cavitation increasing transmembrane flux by changing plane-cell-membrane permeability and cell-
wall integrity. Nevertheless, studies into the mechanism of ultrasound-assisted drying in 
connection with changes in the transport properties of the product, such as moisture diffusivity, 
are not conclusive. The moisture diffusivity of plant tissues is determined by a number of 
parameters, such as changes in plant-tissue structures caused by ultrasonication treatment, natural 
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tissue softening during storage, the nature of the ultrasonication contact area, and the drying 
parameters (temperature, humidity, and air velocity). 
 
2.2 Drying 
 Drying is one of the oldest and most complex processes in the food industry, in which 
coupled heat and mass transfer take place (Schössler et al., 2012). Food dehydration, which 
reduces the water activity of the product to below 0.60, is among the most widely used methods 
for preserving foods and extending shelf life (Grabowski et al., 2003, Orsat et al., 2007, Doymaz, 
2012, Calín-Sánchez et al., 2013). About 20% of perishable goods worldwide are dehydrated 
(Grabowski et al., 2003). Drying is also one of the most energy-intensive unit operations in 
processing industries (Orsat et al., 2007, Doymaz, 2008). Convective hot air drying is the most 
widely used method to dry fruits and vegetables (Bondaruk et al., 2007, Doymaz, 2008, Figiel, 
2009, Calín-Sánchez et al., 2013, Sojak et al., 2013, Karaman et al., 2014).  
 In a drying process, elevated temperatures, exposure to oxygen, and sometimes the use of 
microwaves and ultrasound may cause unfavorable chemical changes to some food components 
(Karaman et al., 2014). The quality changes include shrinkage, browning, loss of nutrients and 
volatile components, and the degradation of bioactive compounds, among others (Figiel, 2009, 
Calín-Sánchez et al., 2013, Sojak et al., 2013, Karaman et al., 2014). The degree of quality 
degradation produced during drying is determined by the nature of the material, drying method, 
air temperature, drying time and final moisture content (Sojak et al., 2013). 
 Numerous efforts have been made to improve drying efficiency and quality and reduce 
costs. Freeze-, vacuum- and microwave-drying are some of the drying methods used to improve 
10 
 
drying efficiency for heat-sensitive materials such as mint leaves, garlic, mushrooms and potatoes 
(Bondaruk et al., 2007, Figiel, 2009, Therdthai and Zhou, 2009).  
 
2.3 Effective moisture diffusivity 
 Moisture diffusivity is the coefficient in Fick’s second law and is an important parameter 
for the analysis, design, and optimization of drying processes when moisture transport is controlled 
by diffusion (Crank, 1979, Chen et al., 2012, Chen et al., 2013). Removal of moisture from food 
products including fruits and vegetables is often controlled by diffusion (Mujumdar and Law, 
2010, Kumar et al., 2012, Schössler et al., 2012), unless a significant pressure gradient is present, 
as in the case of volumetric heating, where pressure-driven flow is also important. 
Moisture diffusivity depends on characteristics such as moisture content, temperature, 
internal structure and pretreatments (Karathanos et al., 1990, Feng et al., 2000, Chen et al., 2013). 
The effective moisture diffusivity (Deff)  can be obtained using the slope method from experimental 
drying data, under the assumptions that the diffusivity term in Fick’s second law is a constant and 
the dimensionless moisture ratio is < 0.3 (Feng et al., 2000). A problem associated with this method 
is that reported diffusivity values vary greatly for the same product. One important reason is that 
the experimental set-up and conditions are different for all research groups. In practice, drying 
does not take place in perfectly isothermal conditions. This also can cause errors during 
calculations of moisture diffusivity (Chen et al., 2012, Chen et al., 2013). 
Published data on the moisture diffusivity of fruits and vegetables are scarce and sometimes 
inconsistent (Chen et al., 2012, Joardder et al., 2014), mainly due to the variation in measurement 
methods and apparatuses used to determine it. There is a need to develop a standard experimental 
technique and a simple analysis method as a platform for measuring the moisture diffusivity of 
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food and agricultural products. Ideally, this technique should be able to replicate the drying 
conditions present at the commercial-manufacturing scale. 
 
2.4 TGA and DSC for the evaluation of drying processes and products 
 The major assumption during the experimental determination of Deff is that the drying 
process is isothermal through the whole sample (Chen et al., 2012, Chen et al., 2013). However, 
isothermal conditions are difficult to achieve, control and maintain during a drying process using 
commercial settings without any further modification or pretreatment of the environmental 
conditions of the air (Chen et al., 2012). The temperature gradient in the sample during drying can 
affect the calculation of moisture diffusivity (Chen et al., 2012).  
 Thermogravimetric analysis (TGA) monitors changes in the weight and temperature of the 
sample, as fast as every two seconds, while the sample undergoes drying in an environment in 
which factors such as gas and air flow and temperature are controlled (van Aardt et al., 2004).  
 TGA has been used by several authors to characterize drying parameters under isothermal 
and non-isothermal conditions. (Chen et al., 2012, Chen et al., 2013, Joardder et al., 2014). 
Thermogravimetric analysis provides a precise and well-controlled environment for monitoring 
the weight changes of a heated sample, with controlled gas-flow direction and rate, and precise 
temperature and heating-rate control.  It may become an ideal platform for the determination of 
transport properties such as effective moisture diffusivity.  
 Thermogravimetric analysis offers some advantages for studying the drying conditions of 
biomass, such as the immediate heating of biomass materials, a wide temperature range, and long 
drying durations, while facilitating the online recording of mass and temperature changes using 
minimal samples (Chen et al., 2012, Chen et al., 2013).  
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 Differential scanning calorimetry (DSC) can be used to study the behavior of dried 
biomaterials. Food and agricultural materials with significant sucrose and acid content undergoing 
drying processes can turn into hygroscopic materials due to partial sucrose inversion (Karaman et 
al., 2014). Physical and chemical changes induced during drying can change the storage conditions 
of dried products. 
 The temperature, at which an amorphous biomaterial change from a glassy to a rubbery 
state, is called the glass-transition temperature (Tg). When a biomaterial is in its glassy state, 
molecular movement is limited, but this behavior changes at the transition temperature, which can 
be determined from a DSC thermograph. The Tg provides a reference with regard to the shelf-life 
stability, quality and safety of the product (Kurozawa et al., 2012).  
 
2.5 Hot-air-dryer parameters 
 Factors such as air temperature, air velocity, humidity, and drying method affect the 
performance of a hot-air dryer. Researchers working on the drying of biomaterials have realized 
the importance of these operational factors on drying kinetics, moisture diffusivity, and changes 
in product quality (Karathanos et al., 1990, Belhamri, 2003, Doymaz, 2008, Chen et al., 2012, 
Doymaz, 2012). Previous studies have documented the effects of drying method, temperature, and 
air velocity, but no one seems to have examined the effect of the intake humidity on drying 
performance. This has been mainly caused by a lack of drying equipment capable of regulating the 
relative humidity of the intake air and by the understanding that air at high temperatures (> 75 ℃) 
has an increased water-holding capacity; thus, the humidity of the intake air has been neglected. 
TGA is a good approach for obtaining data about the drying parameters, but the inability to change 
the air conditions is a limitation. In addition, the previous reports on the roles that the temperature, 
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air velocity, and drying methods play in moisture diffusivity gave inconsistent results. In some 
cases, the relative humidity of the air was not controlled and might vary in range from 5 - 45% 
(Karathanos et al., 1990, Doymaz, 2012) or might not be reported at all (Doymaz, 2008). 
 To accurately calculate the moisture diffusivity, isothermal conditions must be maintained 
during the drying process (Chen et al., 2012). TGA can be used to achieved isothermal conditions, 
and its software provides advantages for data collection and analysis. However, the carrier gas  
required to perform the drying experiments (N2) is not an appropriate representation of the air 
conditions inside laboratories and process facilities. N2 contains < 1ppm of water, and thus has a 
very low relative humidity.  In addition, the gas flow rate and sample size are limited in a TGA.  
 Besides the need to control and regulate the relative humidity in hot-air drying tests, the 
ability to simultaneously perform multiple drying tests in one run or in a short time is critical for 
many aspects of a drying study. For instance, fruits and vegetables are living biological samples 
undergoing constant metabolic processes. The same fruit sample used to perform drying today 
may not be the same if the drying is conducted on another day. To ensure good repeatability, it is 
ideal to perform all the drying for one sample batch on the same day (or better yet in one drying 
test), which is not possible nowadays. In a drying facility, oftentimes there is the need to re-
determine the optimal drying conditions of the commercial dryer when the raw material is from 
another supplier, or when drying conditions change due to wet weather, for instance. One has to 
run a number of experiments to find the new optimal drying conditions. Running multiple drying 
tests with a commercial dryer to find the optimal operational conditions is expensive and wasteful. 
There is a need to develop the capability of running multiple drying tests at one time. An important 
part of this thesis is dedicated to turning this dream into a reality. We will design, fabricate, and 
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ULTRASONICATION AS A PRETREATMENT TO IMPROVE HEAT AND MASS 
TRANSFER PROCESSES FOR SELECTED FOOD AND AGRICULTURAL 
PRODUCTS 
3.1 Abstract 
 This study was performed to evaluate the use of ultrasonication as a pretreatment for 
enhancement of hot air drying of fruits and vegetables and hydration of barley grains. The findings 
in this study demonstrated the potential use of ultrasonication to assist different heat and mass 
processes, including hot-air drying and hydration. The application of ultrasonication was designed 
by taking into consideration a potential inclusion of it in a typical industrial line. For instance, 
ultrasonication pretreatment of apples could be applied when the apples (slices, cubes, chips) are 
submerged in water or ascorbic acid solution for anti-browning treatment. Ultrasonication 
pretreatment of barley grains can be applied during the steeping process to avoid extra steps in the 
processing line. In all drying tests, the ultrasound treatment was capable of reducing the drying 
time (up to 22%), yield products with lower equilibrium moisture content (which can improve 
shelf-life) and increase the hydration rate and equilibrium moisture content of hydrated grains. The 
scanning electron microscope micro-images and laser confocal scanning microscope 3D images 
revealed physical changes on sample surfaces treated by ultrasound, which could contribute to 
enhanced heat and mass transfer in drying or hydration of ultrasound-treated samples.  
 




 Many food processing unit operations involve transport of mass and thermal energy. Hot-
air drying is a popular food preservation operation that deals with coupled heat and mass transfer. 
In a hot-air drying process, a high-temperature fluid (air) provides the energy necessary for the 
phase change of water from liquid to vapor (Cárcel et al., 2017). The air also carries away vapor 
(moisture) from product surfaces, which is one way for water to transfer from the interior of the 
food to the surface (Hernandez et al., 2000). For operations such as steeping in corn wet milling 
process or in soy milk production, hydration of corn or soybean is essential and such process deals 
with mainly only water absorption (mass transfer). Many of the heat and mass transfer processes 
are relatively slow and energy intensive. Over the years, efforts have been made to intensify the 
heat and mass transfer processes in the food processing industry with the purpose of improving 
process efficiency and product quality. One recently proposed method is to use ultrasound to 
enhance a transport process.  
 Ultrasound refers to mechanical waves with frequencies above the threshold of human 
hearing (e.g., 20 kHz). The ultrasound used in process intensification is termed as power 
ultrasound, having acoustic frequencies between 20 and 100 kHz (Kentish and Feng, 2014). The 
mode of action in an ultrasound treatment is often attributed to cavitation activities. When a 
longitudinal ultrasonic wave travels through a liquid media, a series of compression and rarefaction 
are formed. The sound pressure in a compression region is positive while that in a rarefaction is 
negative. When the superposition of local static pressure and the negative pressure in the 
rarefaction region is greater than tensile stress of the medium, the liquid is torn apart and cavitation 
forms (Feng, 2011, Awad et al., 2012). Cavitation is defined as the formation, enlargement, and 
collapse of tiny bubbles within a liquid media (Kentish and Ashokkumar, 2011). For plant tissues 
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immersed in an ultrasound treatment tank or chamber, the cavitation-induced activities may cause 
changes in the plant cell surface structure when the cavitating bubbles collapse near the interface. 
Especially, the micro-jets produced at a liquid-solid interface have a disruptive effect on the 
material (Fernandes and Rodrigues, 2007, Awad et al., 2012, Schössler et al., 2012). Those 
cavitation-induced activities, especially the liquid jets at solid/ liquid interfaces may help increase 
transmembrane flux by changing cell membrane permeability or cell wall integrity (Awad et al., 
2012). 
 Ultrasonication is reported to improve the heat and mass transfer in different food unit 
operations. Ultrasound pretreatment of fruits and vegetables for subsequent hot-air drying has 
shown accelerated drying rate and improved product quality due to reduced drying time and lower 
temperature (Gallego-Juárez et al., 2007, Awad et al., 2012). Ultrasound pre-treated plant tissues, 
mainly in a liquid, were reported to have enhanced drying rate due to the cavitation activities. 
Ultrasound pretreatment increased the mass transfer in osmotic dehydration at temperatures lower 
than 40℃ (Fernandes and Rodrigues, 2017). Cavitation activities during ultrasonication have been 
showed to reduce the diffusion layer thickness in the extraction of biocomponents from plant 
tissues, improves the mass transfer by the formation of micro-fissures increasing the surface area 
for solvent extraction and increases the extraction yield. (Mason and Vinatoru, 2017). The 
improvement in mass transfer during hot-air drying caused by ultrasound pretreatment may be 
attributed to micro-fissures or other changes on the product surface produced by shock waves, 
water jets, and other cavitation-mediated activities.   
 In many mass transfer processes, such as in food dehydration, if no internal heat generation 
or other processes to build up a significant internal pressure gradient, the transport is often 
controlled by diffusion. The diffusion coefficient or mass diffusivity is a useful parameter to 
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compare the mass transfer processes.  Effective moisture diffusivity (Deff) of a plant tissue is a 
parameter to measure the rate of diffusive moisture transport in the product during drying. It is 
determined by a number of factors, such as the type of plant tissue, changes in the tissue structures 
caused by treatment, and drying parameters (temperature, air moisture, and air velocity). A number 
of studies have looked into the ways to determine Deff in food drying processes (Karathanos et al., 
1990, Doymaz, 2008, Doymaz and Kocayigit, 2011, Doymaz, 2012, Schössler et al., 2012, Chen 
et al., 2013, Joardder et al., 2014). Nevertheless, studies into the mechanism of ultrasound-assisted 
drying in connection with the changes in the transport properties of the product, such as moisture 
diffusivity, are not conclusive.  
 This study documented the first attempts to evaluate the effect of ultrasound pretreatment 
on heat and mass transfer in products with different porous media characteristics and processing 
parameters in different processes. Structurally different products, e.g., peeled apple cylinders with 
a porous surface, green peas with thick outer skin, and whole barley grains with hard outer shell 
were used to evaluate the effects of ultrasonication on drying of apples and blanched peas, and 
hydration of barley grains. Thermogravimetric analysis was used to evaluate the drying 
performance and determine effective moisture diffusivity.  
 
3.3 Materials and methods 
3.3.1 Sample preparation  
 Apple. Two apple varieties (Red Delicious and Granny Smith) were obtained at a local 
market, stored in a cold room for up to 3 days at 4 oC ± 1 oC, and used to evaluate the effect of 
ultrasound pre-treatment on the drying characteristics.  Samples were taken out of storage and 
placed at 25 ℃ for 1 hour.  A cork borer of 0.51 cm of internal diameter was used to excise 
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cylinders (~10 pieces) from apple samples. Excised apple cylinders were placed in deionized water 
(DW) with a sample-to-water ratio of 1:30 at 25 ℃  ± 1 °C for up to 3 minutes and treated with 
ultrasound. The initial moisture content of samples was determined by the AOAC vacuum oven 
method (24 hours at 70 oC, 3.33 kPa) (AOAC, 1984). Apple samples were dried with a 
thermogravimetric analyzer. 
 
 Peas. Snap peas (Pisum sativum) were obtained at a local market and used to evaluate the 
effect of blanching and ultrasound treatment on drying of peas. Peas were removed from pods. A 
calibrated balance (Intell-Lab PC-15001) and electronic caliper (Neiko 01407A Stainless Steel) 
was used to select peas with a weight of 350 mg ± 50 mg and diameter of 8 mm ± 0.5 mm for use 
in the experiments. Two treatments were applied to the peas. In treatment 1, the peas were blanched 
with a pea-to-deionized-water (DW) ratio of 1:200 (w/v) at 80 oC ± 3 oC for 1 min, and then 
submerged in deionized water at 10 oC ± 2oC for 3 min. The treatment 2, the peas after blanching 
were sonicated following the procedure described in Chapter 3 § 3.3.2. The peas from the above 2 
treatments were dried with a thermogravimetric analyzer. The initial moisture content of peas was 
determined by the AOAC method (vacuum drying 70 oC 3.33 kPa) (AOAC, 1984).  
 
 Barley. Whole dehulled barley grains were used to analyze the effect of ultrasound 
pretreatment on the hydration of barley grains. 10 g ± 0.2 g whole barley grains were steeped in a 
container with a sample-to-DW ratio of 1:100 (w/v) at 25 oC ± 2 oC at for 24 h. In another 
treatment, the whole barley grains were treated by ultrasound before the above steeping process, 




3.3.2 Ultrasound treatment 
 The ultrasound treatment was performed by an ultrasonic probe (4 cm diameter) driven by 
an ultrasonic generator (25 kHz) (Quality Sonic Products, EZ, SOEST, Netherlands).  
 Apple. A custom-designed sample holder (Fig. 3.14) was used to hold apple cylinders (~10 
pieces) below to the ultrasonic probe. The samples were placed in a deionized water (25 ℃ ± 2 
℃) container with a sample-to-probe distance of 5 cm. Ultrasonication was applied for 0 (control), 
1, and 3 min. Ultrasound-treated cylinders were removed from the holder, and excess water was 
drained by placing samples in sieves over disposable paper towels for 1 min. Drained cylinders 
were cut into 1 cm ± 0.1 cm pieces for thermogravimetric analysis. 
 
 Peas. Blanched peas (~10 pieces, 350 mg ± 50 mg each) were placed in a custom-made 
holder (Fig. 3.15) in a water container (10 oC ± 2 oC) with a sample-to-probe distance of 5 cm and 
ultrasonication was applied for 3 minutes. The treated samples were used in the thermogravimetric 
analysis. 
 
 Barley. A custom-designed sample holder (Fig. 3.15) was used to hold barley grains (10 g 
± 0.5 g) below to the probe-transducer at 5 cm. Ultrasonication was applied for 1, 5 and 10 min. 
After the ultrasonication treatment, the samples were removed from the container and transferred 





3.3.3 Thermogravimetric analysis (TGA) 
 Thermogravimetric analysis of Red Delicious apples, Granny Smith apples, and peas was 
conducted using a TGA Q50 (TA Instruments, New Castle, DE, USA). The TGA furnace 
temperature rise was set to 200 oC/min until 70 °C was reached. A built-in thermocouple in the 
vicinity of the sample monitored the temperature during the drying experiments. Nitrogen (N2) at 
a rate of 60 cm3/min was used as a purge gas to remove moisture from the sample chamber and 
transport heat from the furnace to sample. The TGA was conducted isothermally at 70oC ± 0.1°C 
until constant weight was achieved. A TA Instruments Universal Analysis 2000 software (Version 
4.5A, TA Instruments, New Castle, DE, USA) was used to record and retrieve TGA data. Drying 
curves and drying rate curves were constructed using weight change data. Experimental data was 
used to evaluate and calculate effective moisture diffusivity.  
 In the TGA of apples, only radial moisture migration took place during drying experiments. 
To ensure this condition, both ends of the excised apple cylinders were sealed using an epoxy 
adhesive (Loctite epoxy instant mix, Düsseldorf, Germany) as proposed by Feng et al. (Feng et al., 
2000).  Epoxy weight was measured, and after solidification of the epoxy, the cylinder was placed 
in the sample tray for thermogravimetric analysis.  
 
3.3.4 Barley Weight measurement 
 Weight changes during barley grain steeping were measured for up to 24 hours with a 
calibrated balance (Intell-Lab PC-15001). The initial moisture content of samples was determined 




3.3.5 Barley Grain hydration: Peleg model 
 Peleg’s equation was used to describe the hydration characteristics of whole barley grains 
under experimental conditions (Peleg, 1988, Jideani and Mpotokwana, 2009). The Peleg equation 
is: 
Mt = M0 ± 
𝑡
𝑘1+𝑘2𝑡
              (3.1) 
Where: 
• Mt = moisture content (d.b.) at time t (hours) 
• M0 = initial moisture content (d.b.) 
• t = hydration time (hours) 




• k2 = Peleg capacity constant – maximum attainable moisture content (d.b) (%−1) 
 
In hydration processes, the “±” in equation 3.1 becomes “+”. The sorption rate (R) can be obtained 







             (3.2) 
 







               (3.3) 
 
The equilibrium moisture content of hydration is given by: 
𝑀𝑒 = 𝑀0 +
1
𝑘2
               (3.4) 
Plotting the experimental data 
𝑡
𝑀𝑡−𝑀0
 vs. time yields a straight line to obtain k1 and k2 values. 
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3.3.6 Moisture Diffusivity 
3.3.6.1 Apples 
 The effective moisture diffusivity (Deff) of apple tissues was determined from drying curves 
produced by the thermogravimetric analysis, using the slope method (Feng et al., 2000, Schössler 
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 With the assumptions of one-dimensional moisture movement, no volume change, uniform 
initial moisture distribution in the sample, and negligible external resistance, the analytical solution 
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?̅?(𝑡)= average moisture content at a specific time (t) (kg water/ kg solids) 
𝑋𝑒= equilibrium moisture content (kg water/ kg solids) 
?̅?𝑐= average radius of cylinder 
𝑏1= roots for Bessel function of first kind of zero order 
 
3.3.6.2 Peas and Barley 
 The effective moisture diffusivity (Deff) of the peas after blanching and ultrasound treatment, 
and that of barley grains undergoing ultrasound-assisted steeping was determined from the drying 
curves of TGA and hydration curves, respectively (Simal et al., 1996, Doymaz and Kocayigit, 
2011). For an isotropic spherical material (Simal et al., 1996, Doymaz and Kocayigit, 2011), the 
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With the assumptions of uniform initial moisture distribution in the sample, negligible external 
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r2: sample radius (m) 





3.3.7 Microstructure physical changes 
 Changes in surface microstructure of Red Delicious apples and barley grains caused by 
ultrasonication before drying were observed with a scanning electron microscopy. Micro-images 
of the surfaces of the samples were taken using an environmental scanning electron microscope 
(FEI Quanta FEG 450 ESEM, Hillsboro, OR, USA) at low vacuum (1.5 torr, 20 kV). Multiple 
images were taken from each sample. 
 The surface topology of the blanched and sonicated snap-peas was observed with a 
confocal laser scanning microscope CLSM (NanoFocus, μSurf explorer). A 2-D render of images 
was constructed using software Mountains (digital, Surf) to obtain the re-constructed 3-
dimensional surface profile from which the average surface roughness of peas was obtained (Wang 
et al., 2009).  
 
3.3.8 Statistical Analysis 
 The experiments were performed with a Complete Randomized Design (CRD) with each 
treatment conducted a minimum of three times. Data were analyzed using a general linear model 
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available in SAS version 9.1 (SAS Institute, Raleigh, NC, USA), and with Origin-Pro 2016 
(OriginLab Corporation, MA, USA). Mean separation was determined using Tukey's test with α= 
0.05. 
 
3.4 Results and discussion 
3.4.1 Effect of ultrasound pre-treatment on the drying of two apple varieties 
 Figures 3.1 (A) and 3.1 (B) show drying curves and drying rate curves of apples produced 
from TGA data, respectively, of Red Delicious (RD) apples exposed to ultrasound pre-treatment 
(probe-transducer, 25 kHz, 1 and 3 minutes). Drying is completed when the weight loss becomes 
negligible, i.e., until weight change (or moisture content) vs. time is constant. The ultrasound-
treated samples (1 min.) reached a constant moisture content ~ 22% faster than untreated ones 
(Fig. 3.1 A). 
 The enhanced apply drying may be related to mechanical forces acting at the surface of 
apple tissues during the ultrasound exposure that altered drying characteristics of the sample. It 
was reported that cavitation activities created new microchannels on the surface of a product 
resulting in increased mass transfer (Deng and Zhao, 2008, Ye et al., 2011, Cárcel et al., 2017). To 
corroborate these phenomena, ESEM micro-images of the treated RD apple tissues were obtained 
(Figure 3.5). The control (0US) showed a compact-network structure (Figure 3.5A), whereas the 
samples treated by ultrasound for 1 min had a few openings (darker areas) and some cell-damage 
(Figure 3.5B). After 3 minutes of ultrasound exposure, the many openings can be observed (Figure 
3.5C). Cell damage can be seen on the SEM images as shown by distortion and deformation apple 
cells. A long exposure to ultrasonication was reported to cause a loss of turgor due to cell collapse 
(Fan and Sokorai, 2005).  
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 No constant rate period can be observed in the drying rate curves of the RD and Granny 
Smith (GS) apples (Figures 3.1B and 3.3B), something typical for drying of most fresh fruits and 
vegetables. The effective moisture diffusivities (Deff) of the 2 apple varieties obtained from TGA 
data are shown in Figures 3.2 and 3.4. For both apples, no significant difference for Deff in first 
falling rate period was observed among treatments. However, the Deff in the second falling period 
of ultrasound-treated samples was higher than the control. Especially, the apples treated with 3 
min ultrasound had  significantly higher Deff values than the control for both apple types, showing 
a significantly enhanced mass transfer in the second falling rate period.  Drying in the falling period 
is characterized by diffusion of moisture from the internal structure of the tissue to the surface, and 
the drying in the 2nd falling rate is associated with removal of bound water, which has a tighter 
binding with the food polymer matrix (Belhamri, 2003). It seems that the ultrasound treatment 
may have loosened the binding of bound water molecules with food matrix, making them less 
difficult to be removed.   
 The effect of ultrasonication on drying is apple type dependent. The ultrasound-treated RD 
apples took less time (~22% or 40 minutes less) to reach constant moisture (0.3 
𝐾𝑔 𝐻2𝑂
𝐾𝑔  𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠
) 
compared to the control (Figure 3.1A), whereas the ultrasound-treated Granny Smith (GS) apples 




17% wet-basis) (Fig. 3.3 A). Noticeably, the constant (equilibrium) moisture content of the 
ultrasound-treated GS apples was lower than the control when dried under the same TGA 
conditions. This indicates that the ultrasound-treatment has altered the sorption behaviour of the 
GS apple tissues, making it to reach equilibrium with the surrounding air at a lower moisture 
content. In other word, to dry the ultrasound-treated GS apples to the same moisture content with 
the control, the air relatively humidity (RH) can be lower hence to save the cost to produce low 
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RH air if using the same air to dry ultrasound-treated and un-treated GS, a lower final moisture 
content will be obtained in the ultrasound-treated samples which would have a lower water activity 
and improved shelf life. 
There are differences in physical properties of 2 apple varieties. For instance, the RD apples 
have a lower bulk density (1059 kg/m3) compared to that of the GS apples (1380 kg/m3) (Rahman, 
2009). Since most of the changes caused by ultrasound are physical in nature, it is expected that 
apples with different physical properties will respond differently when treated with ultrasound. 
The propagation and decay of sound waves traveling through apple tissue may affect the 
mechanical effect of ultrasound pre-treatment (Povey and Mason, 1998). Therefore, the observed 
difference in 2 apple varieties after ultrasound pre-treatment and drying may be attributed to the 
difference in the physical properties of the apples. 
 
3.4.2 Effect of ultrasound on drying of blanched peas 
 The drying curves and drying rate curves of the snap peas treated by ultrasound after 
blanching are shown in Figures 3.6 (A) and 3.6 (B), respectively. The ultrasound treated sample 




 for ultrasound treated samples and 0.25 
𝐾𝑔 𝐻2𝑂
𝐾𝑔 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠
 for control samples) was 
achieved at around 5 hours of thermogravimetric analysis for both treatments (Fig. 3.6 A). The 
ultrasound treated peas exhibited a lower equilibrium moisture content (0.12 
𝐾𝑔 𝐻2𝑂
𝐾𝑔 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠
 or 10% 
wet-basis) (Fig. 3.6 A), similar to what was observed during thermogravimetric analysis of GS 
apple tissues.   
The Deff of the ultrasound-treated blanched peas was 2.91  10
-8 m2/s, significantly higher 
than that (2.23  10-8 m2/s) of the peas without ultrasound treatment (Figure 3.7). An increase in 
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Deff parameters indicates an increase of the mass transfer rate (Feng et al., 2000, Babalis and 
Belessiotis, 2004, Doymaz, 2012, Schössler et al., 2012, Joardder et al., 2014). The enhancement 
in mass transfer in the ultrasound-treated peas may be attributed to the physical changes induced 
by the mechanical effects of ultrasonication (Fernandes and Rodrigues, 2007, Gallego-Juárez et 
al., 2007, Awad et al., 2012, Schössler et al., 2012, Cárcel et al., 2017, Fernandes and Rodrigues, 
2017, Mason and Vinatoru, 2017).   
 High temperatures exposure causes softening of vegetable tissues (Deroeck et al., 2008). 
The tissue softening is caused by degradation of cell wall polysaccharides (pectin) and changes of 
the intercellular space of the tissue exposed (Kidmose and Martens, 1999, Deroeck et al., 2008). 
Enzymes that cause off-flavors (lipoxygenase) are inactivated in blanching process (Williams et 
al., 1986). These changes are expected and desirable in a blanching process. The same effects can 
be achieved with ultrasonication (Fernandes and Rodrigues, 2017). The use of a thermal blanching 
treatment followed by a non-thermal ultrasonication treatment is a novel approach. After the tissue 
is softened by the blanching process, the mechanical effects of cavitation change the 
microstructure of the external tissue.  These changes can be observed in Fig. 3.8 A and Fig. 3.8 B. 
Figure 3.8 A shows the external structure of pea after blanching and Fig. 3.8 B shows the external 
structure of the blanched pea after ultrasonication. A depressed surface of the pea testa can be 
observed. This depression may be caused by cavitation activities produced during the 
ultrasonication treatment. Similar surface depression has been observed in other  food materials 
like corn starch (Hu et al., 2015), corn kernels (Miano et al., 2017), sorghum grains (Patero and 
Augusto, 2015), kiwifruit (Nowacka et al., 2014), and in non-food tissues like melanoma cells 
(Jure Jelenc, 2013). In all the surface changes reported in food materials, an increase in mass 
transfer processes (hydration or dehydration) was observed.  
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 The change in the external structure of the pea tissue exposed to ultrasonication was also 
evidenced by a change in the surface roughness of the pea testa Blanched pea samples had a surface 
roughness of 2.41 µm while the ultrasonic-treated pea tissue had a significantly higher surface 
roughness of 29.25 µm, a ten-fold increase (Fig. 3.9). The rougher surface of the ultrasound-treated 
peas may be an indication of more micro-openings on pea surfaces that help to enhance water 
vapor removal from the interior of the peas.  
 
3.4.3 Effect of ultrasound treatment on the hydration of barley grains 
 Figure 3.10 shows the hydration curves of barley grains treated with and without ultrasound 
(25 kHz, 0, 1, 5 and 10 min). Two hydration processes can be observed (Fig. 3.10). During the 
first hour, there is a significant increase in moisture content of the samples, e.g., +21% (w.b.) in 
the control barley samples and +25% (w.b.) in the ultrasound treated samples.  From hours 2 -24, 
the lower hydration rate was significantly lower.  The higher hydration rate at the beginning of the 
process may be linked to the low initial moisture content of the barley grain (~12% w.b). A higher 
initial hydration rate was also observed during hydration of corn kernels (Miano et al., 2017), navy 
beans (Ghafoor et al., 2014), chickpeas (Yildirim et al., 2011), sorghum (Patero and Augusto, 
2015), barley (Cozzolino et al., 2013), and Bambara-bean (Vigna subterranean) . (Miano et al., 
2017) attributed the high hydration rate at the initial state to a fast water influx to the sample due 
to capillary action, which may be true for their ultrasound-assisted steeping of corn. The slow 
hydration is normally considered to be caused by diffusion, which is slow due to the starch 
characteristics of grains (Miano et al., 2017). A sample with low diffusivity would have a slow 
hydration rate compared to that having a high diffusivity. This applies to the hydration of barley 
grain in this study. The control samples had a Deff of 1.13 x 10
-9 m2/s (Fig. 3.12) and thus a slow 
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hydration, while the 3-min ultrasound-treated barley grain had a Deff of 2.51 x 10
-9 m2/s and thus 
a faster hydration.  
 All the ultrasound-treated barley samples, even for one treated by 1 min sonication, 
exhibited a much faster hydration rate than the non-ultrasound treated samples (Fig. 3.10).   
Malting of barley grains consists of three main processes: steeping (hydration of barley grains), 
germination and drying. Steeping is one of the more time-consuming during the malting process 
of barley grains. Different studies have evaluated physical and chemical approaches to accelerate 
the steeping and germination process (Georg-Kraemer et al., 2001, Frank et al., 2011, Farzaneh et 
al., 2017, Qiu and Lu, 2017).Hydration is a complex process that involves internal diffusion, water 
imbibition, and changes in the solid matrix (Ghafoor et al., 2014). Peleg’s equation was used to 
describe the hydration characteristics of barley grains. A low Peleg’s rate constant k1 indicates a 
faster hydration rate (Jideani and Mpotokwana, 2009, Ghafoor et al., 2014, Miano et al., 2017). In 
this study, ultrasonication significantly decreased k1 constant (Table 3.1). Furthermore, a reduction 
in the Peleg capacity k2 was observed in ultrasound-treated samples, indicating an increase in the 
mass transfer rate and water absorption capacity of the sample (Jideani and Mpotokwana, 2009, 
Ghafoor et al., 2014), thus increasing the amount of moisture in ultrasonic treated samples (Miano 
et al., 2017). A significant increase in the final equilibrium moisture content (Me) defined in the 
Peleg model was observed in the ultrasonic-treated barley samples (Table 3.1).  
 The effect of sonication on barley grains is also examined with SEM (Fig. 13). A number 
of micro-sized holes or openings can be observed on the SEM images of barley grain treated with 
ultrasound (Fig. 3.13B), whereas no such holes can be identified on the SEM images of the control 
(Fig. 3.13A). The enhanced hydration in barley grain after ultrasound treatment can thus be linked 
to the formation of the microchannels or openings on grain kernel surfaces, which may be produced 
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by the cavitation activities (Ghafoor et al., 2014, Miano et al., 2017). Formation of micro-channels 
due to ultrasonication is important to increase the mass transfer rate during hydration processes 
(Ghafoor et al., 2014). A similar increase in hydration of corn kernels was observed thee treated 
by ultrasound during hydration (Miano et al., 2017).  
   
3.5 Conclusions 
 Ultrasound pretreatment of apples, blanched peas, and barley enhanced drying or hydration 
of these products, and the enhancement became more evident when the sonication time was 
increased. The ultrasound-induced process enhancement can be linked to changes in product 
surface microstructures as evidenced by SEM and local confocal microscope images.  In drying of 
ultrasound-treated Granny Smith apples and peas, a lower equilibrium moisture content than the 
control was observed, showing the potential of reducing drying cost or improving product stability.  
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3.7 Figures and tables 
 
 
Figure 3.1. Drying curves (A) of Red Delicious apples at 0, 1 and 3 minutes of ultrasonication 







Figure 3.2. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] of Red Delicious apples at 0, 1 and 3 
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Figure 3.3. Drying curves (A) of Granny Smith apples at 0, 1 and 3 minutes of ultrasonication 





Figure 3.4. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] of Granny Smith apples at 0, 1 and 3 
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Figure 3.5. ESEM micro-images of Red Delicious apple tissues treated with 0 (A), 1 (B) and 3 













Figure 3.6. Drying curve (A) and drying rate curve (B) of peas (Pisum sativum) blanched (US 0) 










Figure 3.7. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] of peas at 0 and 3 minutes of 
ultrasonication.  















































Figure 3.9. Reconstructed CLSM 2-D cross-section and surface roughness (µm) of blanched (A) 





































































Figure 3.11. Application of Peleg’s equation to the experimental data barley grains after 4(A) and 











Figure 3.12. Effective moisture diffusivity [Deff (
𝑚2
𝑠

























































































1.973 a 1.73 a 0.507 c 0.743 c 0.9982 
US 1 1.537 c 1.44 b 0.655 ab 0.837 ab 0.9985 
US 5 1.686 b 1.35 c 0.595 b 0.881 a 0.9975 
US 10 1.557 bc 1.34 c 0.658 a 0.804 bc 0.9950 
 
Table 3.1. Summary of constants in Peleg’s equation fitted for 
𝑡
𝑀𝑡+𝑀𝑜
vs t for barley grains 

























FOOD WASTE DRYING FOR VALUE ADDED TRANSFORMATION: EFFECT OF 
TISSUE DECAY ON DRYING CURVES AND MICROSTRUCTURE OF FOODS 
4.1 Abstract 
 Around 36 million tons of food waste is generated in the U.S, and 15% of it is pre-
consumed produce. This creates losses in food, energy, and water (FEW), and causes 
environmental issues. Waste produce can be dehydrated and used as a partial replacement of 
animal feed. It is important to design an efficient drying process for waste transformation into 
animal feed. Currently, there is no information available to understand the differences between 
drying of edible tissues and that of food waste material. This study was undertaken to examine 
changes in drying curves, moisture diffusivity, and microstructure of fresh and spoiled plant 
tissues, including strawberries having a porous structure with no significantly hard outer skin and 
bell peppers with a compact outer skin. Drying of the fresh and spoiled plant tissues was performed 
using a thermogravimetric analyzer (TGA) as a standard platform. Changes in microstructure and 
microbiological changes were evaluated to understand the cause of the tissue spoilage. Significant 
higher yeast and mold counts (log CFU/g) were found in spoiled tissues, causing produce tissue 
softening and deterioration. The TGA drying curves showed that spoiled plant tissue dried 
significantly faster (up to 30% ) than its fresh counterpart, with a higher effective moisture 
diffusivity. The results demonstrated that drying of spoiled plant tissues would be less time 
consuming and potential less energy intensive than its fresh counterpart.  
 




 Food waste is an increasing problem in the United States, negatively impacting the 
environment and resulting in losses in food, energy, and water. It is becoming a focus of regulators, 
conservationists, and the general public due to its environmental and economic impact (FAO, 
2011, EPA, 2014). It is estimated that over 36 million tons of food waste are generated annually 
in the U.S., of which approximately 95% is disposed of in traditional municipal solid waste 
landfills (EPA, 2014, 2015, 2016).  Food waste (pre- and post-consumed) is the larger component 
of landfill waste surpassing the amount of plastic, glass, metal, and paper waste. Supermarkets, 
food manufacturers/processors, institutions, and residences are the largest contributors to food 
waste (Eriksson, 2015, Eriksson and Spangberg, 2017). Approximately 15% of food waste is 
classified as pre-consumer, generated by more than 37,500 supermarkets and big box retailers as 
well as food manufacturers and certain institutions (EPA, 2016). Consumers’ demand for greater 
variety contributes to a greater percentage of expired and unsold food (Barth et al., 2009).  Many 
supermarkets lack reliable inventory and purchasing controls, leading to more waste. The demand 
for freshly prepared foods has increased dramatically over the last decade, with a projected growth 
rate of 6-7% through 2017, more than twice that of packaged retail foods and the foodservice 
industry (EPA, 2016).   As such, retailers are aggressively increasing space devoted to fresh foods 
– up 40% in certain store designs.    
Federal, state, and local regulators have continuously expanded and tightened legal 
guidelines and thresholds related to the disposal of prevalent waste streams such as food 
waste.  Similar to pre-consumer waste, post-consumer food waste (including residential waste) is 
becoming increasingly regulated and is an area of concern. 
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Generally accepted methods of recycling food waste include anaerobic digestion, 
composting, and diversion to animal feed (Salemdeeb et al., 2017). De-packaged fruits, vegetables 
and bread waste (no meats) can be converted to cattle feed in its raw form without processing 
(Chen et al., 2015). In some countries, the practice of food waste recycling for animal feed 
purposes is prohibited due to concerns about the nutritional component, control of diseases such 
as transmissible spongiform encephalopathy, and spread of diseases caused by bacteria 
proliferation (Chen et al., 2015, Salemdeeb et al., 2017). However, safe food waste recycling for 
animal feed is possible by controlling and managing the conversion through heat treatment (Chen 
et al., 2015, Salemdeeb et al., 2017). 
With an average moisture content of ~85% (Mirabella et al., 2014), transportation costs 
can make the recycling of food waste to animal feed economically infeasible (Eriksson and 
Spangberg, 2017). Hot-air drying processes can be an effective way to dehydrate food waste 
material cost-effectively. It can lower transportation costs, facilitate broader market acceptance by 
creating a shelf-stable and an easy to handle product, and provide a safe feed source (Chen et al., 
2015, Salemdeeb et al., 2017).   
Hot air drying is a coupled heat and mass transfer process. By removing moisture from the 
food waste, it can extend the shelf-life of the dried products by lowering the water activity. In a 
hot-air drying process, thermal energy is applied to facilitate phase change, changing the water in 
food waste into vapor that is carried away by the hot air. This process is, however, energy intensive 
due to the need for phase change and low efficiency in heat transfer when the moisture of the 
product is low. Therefore, for food waste drying that is a process to yield a product normally with 
a low profit margin, it is especially important to have a good understanding of the drying process 
to optimize the drying and reduce drying cost. Nevertheless, until now, not many efforts have put 
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into drying of food waste materials. The drying behavior of food waste is largely unknown. Since 
food materials undergo physical, chemical, and microbiological changes during the process of 
spoilage (Koukouch et al., 2017), their drying kinetics may not be the same compared to a food 
product within their normal shelf-life (without decay). 
There is a need to understand the drying characteristics of food materials undergoing 
spoilage. This information will help to design a feasible drying process and provide a safe and 
quality feed product to be used in animal feed. This study documents the first attempts to evaluate 
the drying kinetics of selected fruits and vegetables with different external and internal structures 
undergoing accelerated spoilage. Structurally different samples (strawberries [porous surface] and 
green bell peppers [thick outer skin]) were used to evaluate changes in drying characteristics during 
spoilage.  
 
4.3 Materials and methods 
4.3.1 Sample preparation 
 Fresh bell peppers (BP) and strawberries (ST) were obtained at a local supermarket. Whole 
strawberries and bell peppers samples were separately placed in partially opened plastic containers 
(Rubbermaid food storage, Atlanta, GA, USA) and stored at 25 ℃ ± 2 ℃ and relative humidity of 
80 % ± 5 % for up to 7 days in an accelerated spoilage setup. Samples (1 cm2 ± 0.2 cm2) taken at 
day 1 (fresh), 2, 3 and 4 for strawberries and at day 1 (fresh), 3, 5, and 7 for bell peppers were used 
for thermogravimetric analysis to determine changes in drying curves. The initial moisture content 





4.3.2 Determination of yeast and mold 
 Fresh bell peppers (BP) and strawberries (ST) obtained at a local supermarket were placed 
at 25 ℃ ± 1 ℃ for 30 minutes prior analysis. Bell peppers’ cores were removed. Fresh BT and ST 
samples (10 g) were ground into small pieces (0.5 cm2 - 1 cm2) before mycological analysis. 
Spoiled BP samples (7 days at 25 ℃, 80 % relative humidity) and spoiled ST samples (4 days at 
25 ℃, 80 % relative humidity) were also used for mycological analysis. 
 Peptone water (0.1 %) (90 mL) and samples (10 g) were placed in a stomacher bag and put 
in a stomacher (model 400, Seward Medical, London, UK) to homogenize the samples for 2 min. 
The homogenized samples were tenfold diluted, and a 1 mL aliquot of the homogenized samples 
was placed in the center of 3M ™ Petrifilm™ Rapid Yeast and Mold Count Plates. Inoculated 3M 
Petrifilms YM were allowed to solidify for 15 min and placed in an incubator (Thermo Scientific 
Precision High-Performance Mechanical Convection Incubators, Thermo Scientific, MA, USA) at 
25 ℃ ± 1 ℃. Yeast and mold colonies were enumerated after 3 and 5 days of incubation and the 
populations were calculated. Colony counts were converted to log10 counts and reported as log 
CFU/g. The mycological analysis was performed in triplicate. 
 
4.3.3 Thermogravimetric analysis 
 Thermogravimetric analysis was conducted using a TGA Q50 (TA Instruments, New 
Castle, DE, USA). The TGA furnace temperature rise was set to 200 
°𝐶
𝑚𝑖𝑛
 until 70°C was achieved. 
A build-in thermocouple next to the sample monitored the temperature during the drying 
experiments. Nitrogen (N2) was used as the purge gas to remove moisture from the sample chamber 
and transport heat from the furnace to the sample at a rate of 60 
𝑐𝑚3
𝑚𝑖𝑛
. Fresh and spoiled BP and ST 
samples (0.8 cm2) were analyzed. The thermogravimetric analysis was conducted isothermally at 
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70 oC ± 0.1 °C until constant weight was achieved. TA Instruments Universal Analysis 2000 
software Version 4.5A (TA Instruments, New Castle, DE, USA) was used to record and retrieve 
thermogravimetric analysis data. Drying curves and drying rate curves were constructed using the 
weight change data produced by TGA. The experimental data was also used to calculate effective 
moisture diffusivity. 
 
4.3.4 Moisture diffusivity 
 The effective moisture diffusivity (Deff) of the fresh and spoiled bell pepper and strawberry 
tissues was determined from the  drying curves produced during the thermogravimetric analysis, 
using the slope method (Feng et al., 2000, Schössler et al., 2012, Koukouch et al., 2017). For an 






2𝑋∗            (4.1)  
 
with the assumptions of uniform initial moisture distribution in the sample, negligible external 
resistance, and isotropic material (no shrinkage). The analytical solution of equation (4.1) is given 
by: 
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For longer periods of drying, only the first term in the right-hand side of the equation (4.2) is 
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Then Deff can be determined from the slope using equation (4.4).  
 
4.3.5 Changes in microstructure  
 Fresh and spoiled tissues were submerged in liquid nitrogen and placed in a freeze dryer 
(Dura-Dry, FTS Systems, Stone Ridge, NY, United States) for 24 hours to remove moisture and 
retain microstructures. Images of the sample surface were taken using an environmental scanning 
electron microscope (FEI Quanta FEG 450 ESEM, Hillsboro, OR, USA) at low vacuum (1.5 torr, 
20 kV). Three different samples were imaged at different points. Bell pepper and strawberries were 
perpendicularly sliced (1 cm ± 0.2 cm of thickness) and the outer surface placed under the SEM 
scope. Ten different spots on the sample were observed by moving the SEM scope along the x and 
y axis. Changes on surfaces of the fresh and spoiled strawberries and in the bell pepper tissues 
were observed. 
 Micro CT scan was used to compare structural differences between the fresh bell pepper 
and fresh strawberry tissues. A 5-cm long cylindrical sample piece was placed inside a 100 mL 
plastic tube to avoid dehydration during µ-CT scan. A µ-CT scan (Xradia MicroCT - MicroXCT-
200, Zeiss. Carl Zeiss AG, Germany) was used to make multiple scans of the fresh BP and ST 
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tissues. Two software (TXM Reconstructor and TXM 3D Viewer, Zeiss; Carl Zeiss AG, Germany) 
were used to create a 3D model of the 2D plane scans.  
 
4.3.6 Statistical Analysis 
 The experiments were performed with a complete randomized design (CRD) with each 
treatment conducted a minimum of three times. Data were analyzed using a general linear model 
available in SAS version 9.1 (SAS Institute, Raleigh, NC, USA), and with Origin-Pro 2016 
(OriginLab Corporation, MA, USA). Mean separation was determined using Tukey's test with α= 
0.05. 
 
4.4 Results and discussion 
 Figures 4.1 (A) and 4.1 (B) show drying curves and drying rate curves, respectively, of the 
fresh bell pepper (BP) samples (day 1) and the samples undergoing accelerated spoilage at 25 ℃ 
± 2 ℃ and relative humidity 80 % ± 5 % for up to 7 days. Drying was considered to be finished 
when the weight loss was negligible, i.e., until weight change (or moisture content) vs. time was 
constant (Léonard et al., 2004). The BP samples undergoing 7 days of accelerated spoilage at 25 
℃ ± 2 ℃ and relative humidity 80 % ± 5 % reached a constant moisture content (~ 30%) faster 
than the untreated samples (Fig. 4.1 A). The drying curves and drying rate curves, respectively, of 
the fresh strawberry (ST) samples (day 1) and the samples undergoing accelerated spoilage at 25 
℃ ± 2 ℃ and relative humidity 80 %  ± 5 % for up to 4 days are shown in Figures 4.3 (A) and 4.3 
(B). The ST samples undergoing 4 days of accelerated spoilage at 25 ℃ ± 2 ℃ and relative 
humidity 80 % ± 5 % reached a constant moisture content (~ 25%) faster than untreated samples 
(Fig. 4.3 A).  
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The spoiled BP samples (7 days of accelerated storage) displayed a higher drying rate 
compared to the fresh samples and samples undergoing accelerated spoilage for 3 and 5 days (Fig. 
3.1 B). The BP samples undergoing accelerated spoilage for up to 5 days showed a similar drying 
rate to the fresh samples (Fig. 3.1 B). The spoiled ST samples (4 days of accelerated storage) had 
a higher drying rate compared to the fresh samples and samples undergoing accelerated spoilage 
set up for 3 days (Fig. 3.1 B). The BP samples undergoing accelerated spoilage for up to 5 days 
showed a similar drying rate to the fresh samples (Fig. 3.1 B).  
Whole fruits and vegetables have a diverse microorganism community that is part of the 
agricultural ecosystem. Most of these microorganisms on fruits and vegetables are from the soil 
particles, airborne spores, and irrigation water (Barth et al., 2009). Most of these bacterial and 
fungi microorganisms are not detrimental to the crop, and, on the contrary, they serve the crop as 
a natural barrier against infestation by other organisms (Barth et al., 2009). However, a small 
portion of microorganisms is responsible for spoilage. These microorganisms are introduced to the 
fruits and vegetables in the field during crop growth, harvesting and postharvest handling, or 
during storage and distribution (Barth et al., 2009). They are the organisms affecting the structural 
integrity of the colonized plant tissues. 
Fruit and vegetable tissues are comprised of polysaccharides cellulose, hemicellulose, and 
pectin (Miedes and Lorences, 2004, Barth et al., 2009). The main storage polymer is starch. Since 
most fruits and vegetable have a near neutral pH and are a good starch source, they are susceptible 
to spoilage microorganisms. Spoilage microorganisms use extra-cellular lytic enzymes to degrade 
the colonized tissue to obtain nutrients and water (Barth et al., 2009). Fungal microorganisms are 
particularly efficient producing pectinases and hemicellulases that degrade the structure of the 
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colonized tissue (Miedes and Lorences, 2004). Tissue degradation was observed in samples 
undergoing accelerated spoilage (Fig. 4.5 B and 4.5 D). 
To examine the activity of spoilage microorganism during accelerated storage, yeast and 
mold count analyses were conducted on fresh samples and at the end of the accelerated spoilage 
cycle (4 days for strawberries and 7 days for bell pepper), as shown in Table 4.1. An increase in 
the yeast and mold counts was found in both the BP and ST samples undergoing accelerated 
spoilage. The spoiled BP samples had a 3.5 log CFU/g increase in the yeast counts and 4 log CFU/g 
increase in the mold population compared to the fresh BP samples. The mold colonies were not 
detected (below detection limit) in the fresh BP samples. The ST samples had a 4.7 log CFU/g 
increase in the yeast counts and a 1.3 log CFU/g increase in the mold counts compared to the fresh 
ST samples. The yeast colonies were not detected (below detection limit) in the fresh ST samples. 
No inoculation was done to the samples. Thus, the yeast and mold present are due to natural vectors 
such as airborne spores and soil particles (Barth et al., 2009). The data presented in this study 
confirm that the spoilage of fruits and vegetables are accompanied by a significant increase in 
yeast and mold populations.  
Enzymes (pectinases and hemicellulases) produced by these microorganisms produced 
tissue damage in both the BP and ST samples. This change can be observed in the SEM micro-
images (Fig. 4.5) and visibly in Figs. 4.5 B and 4.5 D, which is in consistent with the reports of 
others (Miedes and Lorences, 2004, Barth et al., 2009, Golomb et al., 2013, Choi et al., 2017).  
Spoilage caused by microorganism proliferation was reported to cause tissue softening and 
cell collapse of samples (Golomb et al., 2013, Choi et al., 2017). In this study, the tissue softening 
resulted in a significantly faster drying of the spoiled tissues (Fig. 4.1 A and Fig. 4.3 A). It was 
reported that cell damage caused by stress, spoilage, mechanical activities affect moisture diffusion 
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of moisture in sample tissues, decreasing the drying time (Fan and Sokorai, 2005). In this study, 




 to 6.53 x 10-8 
𝑚2
𝑠
 in the first falling period and from 
0.16 x 10-8 
𝑚2
𝑠
 to 0.44 x 10-8 
𝑚2
𝑠
 in the second falling period. An increase in the effective moisture 
diffusivity (Deff) in the first and second falling period was observed in the spoiled BP samples. The 
Deff was significantly higher at day 7 of accelerated spoilage in BP samples (Fig. 4.2). Deff of ST 
in the first falling rate ranged from 4.62 x 10-8 
𝑚2
𝑠
 to 5.81 x 10-8 
𝑚2
𝑠
 in the first falling period and 
from 0.72 x 10-8 
𝑚2
𝑠
 to 5.53 x 10-8 
𝑚2
𝑠
 in the second falling period. An increase in the effective 
moisture diffusivity (Deff) in the first and second falling period was observed in ST spoiled 
samples. Deff was significantly higher at day 4 of accelerated spoilage in BP samples (Fig. 4.2).  
Tissue softening, and cell wall degradation can be observed in the BP and ST spoiled 
samples compared to the fresh BP and ST tissues (Fig.4.5 A-D). The presence of yeast and mold 
colonies was confirmed (Table 4.1). These microorganisms are responsible for tissue degradation, 
including degradation of hemicellulose and moisture leakage during spoilage (Barth et al., 2009, 
Golomb et al., 2013, Choi et al., 2017). The tissue degradation may have reduced the binding of 
water molecules in the biopolymer matrix of BP and ST, resulted in enhanced water removal 
during drying and increased the moisture diffusivity. This study is the first attempt to understand 
the behavior differences between drying edible food tissues compared to spoiled tissues. Effective 
moisture diffusivity is an important parameter in the design of drying experiments. A higher 
effective moisture diffusivity indicates less resistance of the moisture inside the tissue to migrate 
to the surface. This low resistance can be translated to low drying temperatures and less time 
exposed to high temperatures which would lead to a better-quality product (less moisture, less 
degradation of nutritional components) and better yield (higher processing throughput and less 
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energy use). Figures 4.6 and 4.7 show the micro-images of fresh BP and ST tissues by µ-CT. We 




 Drying performance and transport properties of decayed plant tissues were evaluated with 
TGA for the first time in this study. The spoiled BP and ST samples dried up to 30% faster than 
the fresh BP and ST tissues. Significant differences were found in the effective moisture diffusivity 
(Deff) of bell pepper (BP) and strawberry (ST) samples. A higher Deff in the first falling period was 
observed in the bell pepper samples undergoing accelerated spoilage (25 ℃ ± 2 ℃ and relative 
humidity 80 % ± 5 %) for 7 days. A higher Deff in the first and second falling period was observed 
in the strawberry samples undergoing accelerated storage (25 ℃ ± 2 ℃ and relative humidity 80 
% ± 5 %) for 4 days. Microstructural changes in spoiled plant tissues were observed with SEM 
micro-images. The tissue changes correspond to cell wall degradation caused mainly by fungi 
enzymes. Yeast and mold counts were higher in spoiled samples. The results of this study provided 
important insight into drying of spoiled plant tissues. The findings showed that drying of food 
waste materials of plant-origin would take less time and potential less energy. The future design 
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4.7 Figures and tables 
 
 
Figure 4.1. Drying curves (A) and Drying rate curves (B) of Bell pepper at 1 (fresh), 3, 5, and 7 
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Figure 4.2. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] of Bell pepper at 1 (fresh), 3, 5, and 7 days 
of accelerated spoilage (25 ℃, 80% RH). * Data set is significantly different 
*. Deff 1 means between treatments (days of accelerated spoilage) with * in each sample are 
significantly different (p<0.05) 
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Figure 4.3. Drying curves (A) and Drying rate curves (B) of Strawberries at 1 (fresh), 2, 3, and 4 
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Figure 4.4. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] of Strawberries at 1 (fresh), 2, 3, and 4 days 
of accelerated spoilage (25 ℃, 80% RH). * Data set is significantly different 
a-b. Deff 1 means between treatments (days of accelerated spoilage) with the same letter in each 
sample are not significantly different (p<0.05) 
x-z. Deff 2 means between treatments (days of accelerated spoilage) with the same letter in each 
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Figure 4.5. ESEM micro-images of fresh (A) and spoiled (B) Strawberry tissues.  ESEM micro-







































Yeast                                                   
(Mean ± SD log CFU/g) 
Molds  
(Mean ± SD log CFU/g) 
Bell pepper 1 1.3 ± 0.2 ND* 
Bell pepper 7 4.8 ± 0.01 4.1 ± 0.03 
Strawberry 1 ND* 3.6 ± 0.08 
Strawberry 4 4.7 ± 0.36 4.9 ± 0.07 
 


















Bell pepper Strawberry 
Fresh 
 
Spoiled (7 days @ 25 
℃, RH 80%) 
Fresh 
 
Spoiled (4 days @ 25 
℃, RH 80%) 
5.06 ± 1.03 
𝑘𝐽
𝑘𝑔 ℃
  6.33 ± 1.78 
𝑘𝐽
𝑘𝑔 ℃
 6.71 ± 0.66 
𝑘𝐽
𝑘𝑔 ℃


























EFFECT OF DRYING METHODS IN PHYSICAL CHARACTERISTICS OF FRUITS 
AND VEGETABLES 
5.1 Abstract 
 Drying is a widely used preservation method to reduce water activity of foods to produce 
shelf-stable products. A number of drying methods have been used by the food industry to achieve 
a time and energy efficient dehydration process. These methods have advantages and drawbacks, 
depending on the product used. In this study, the effects of hot-air drying (AD), freeze drying (FD) 
and  Refractance Window drying (RWD) on changes in color (L*, a*, b*, and E), glass transition, 
specific heat, and surface morphology of 4 fruits and 3 vegetables were evaluated. The quality 
retention in the dried fruits and vegetables was found to be product and drying method specific. 
The FD-dried products exhibited a better-quality retention. The AD-dried fruits and vegetables 
displayed significantly lesser quality retention in most of the quality indexes measured in the study. 
The AD kale and spinach produced similar but darker colors to control, indicating chlorophyll 
degradation. The RWD also yield relatively good product quality. The selection of the best drying 
method for a product thus needs to take into account both the quality and cost factors.  
 







 Drying is an effective method to reduce water activity (aw) to below 0.6 for the production 
of shelf-stable food products or food ingredients (Orsat et al., 2007, Doymaz, 2012). Dried 
products acquire reduced weight and volume thus reducing the costs of packaging, transportation, 
and storage. Drying removes moisture from food mostly via a phase change, i.e., via evaporation 
or sublimation. Consequently, energy, mostly in the form of thermal energy, has to be supplied in 
a drying process to provide energy for the phase change and enable moisture removal. Due to 
binding of water molecules to food biopolymer matrixes, as well as an increase in the enthalpy of 
evaporation at low moisture content, drying is an energy-intensive process that requires exposing 
the food to long-time heating. As a result, drying of food is often a process accompanied by 
deterioration of phytochemical and physical quality. 
As an ancient food preservation method, drying of food has long been a topic of intensive 
research and development with a vast number of drying methods proposed, tested, and put to use. 
Nevertheless, a few drying methods are often high on the priority list for the food industry, 
including hot-air drying, spray drying, freeze drying, and any new drying method that can deliver 
significantly improved quality. Hot-air drying is the most widely used drying method due to its 
low production cost, flexibility, and high throughput (Bondaruk et al., 2007, Doymaz, 2008, Figiel, 
2009, Calín-Sánchez et al., 2013, Sojak et al., 2013, Karaman et al., 2014). It is normally performed 
at air temperature of 50 °C to 110 °C and air velocity of 0.1–5 m/s. The low drying rate in the 
falling rate period prolongs drying time causing significant quality degradation in hot-air dried 
products. Freeze drying, on the other hand, is considered as the benchmark in product quality when 
evaluating different drying methods (Mujumdar and Law, 2010, Mujumdar, 2014), due to the fact 
that freeze drying is performed at low or sub-zero temperatures under vacuum. Although high-
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quality products are produced with freeze-drying, it is also regarded as a costly drying method. 
Vacuum-microwave drying (Lin et al., 1998), Refractance Window drying (Abonyi et al., 2002), 
and Infidri™ drying (or Radiant Zone dryer) (Chakraborty et al., 2009) are among the drying 
technologies developed to increase the quality of the final product, each having its own advantages 
and disadvantages. These newly developed drying methods produce products with improved 
quality compared to freeze-dried products at relatively low costs. Considering the many traditional 
and new drying methods available on the market, it becomes an important and daunting task for 
the industry to select a right drying method for their products.  
A number of studies have attempted using product quality as a criterion to evaluate 
different drying methods. Nindo et al., (2003) assessed 5 drying methods (hot air, spouted bed, 
microwave + spouted bed, Refractance Window, and freeze-drying) for retention of physical 
quality and antioxidants in asparagus (Nindo et al., 2003). Wojdyło et al. (2009) compared the 
quality of strawberries dried with vacuum–microwave drying, hot-air drying, and freeze drying 
using bioactive compounds, color, and antioxidant capacity as criteria (Wojdyło et al., 2009). 
Noticeably, most previous studies on drying evaluation used a single product (fruit or vegetable) 
to perform the comparison on quality aspects of the dried sample. Consequently, the findings in 
those studies mainly represent the retention of product quality for the selected product that may or 
may not be able to be extrapolated to other products. In this study, a comprehensive study was 
performed to evaluate the effect of drying method on physical characteristics of 4 fruits (blueberry, 




5.3 Materials and Methods 
5.3.1 Fruit and vegetable preparation 
 Frozen fruits and vegetables were used to perform the drying experiments. Frozen whole 
blueberries were purchased from Valley Select Food, Inc. (Abbotsford, BC, Canada). They were 
produced by passing through an air cleaner, rod destemmer, sorter, and stone trap, followed by 
washing with a chlorine solution (10 ppm), rinsing with potable water on an incline conveyor, air-
drying, and sending through an individually quick-frozen (IQF) tunnel for approximately 10 min 
at temperature -20 oC.   
 
 IQF tart cherries were purchased from Peterson Farms, Inc. (Shelby, MI, USA). They were 
produced by passing through a series of shakers and destemmers to remove foreign material, 
washing in a flume with potable water, dewatering, and soaking in peracetic acid/antimicrobial 
solution before sending to an IQF tunnel.  
 
 The frozen whole strawberries were purchased from Titan Frozen Fruit/Sanco.  They were 
grown, harvested, and processed in Maule, Chile. For making IQF strawberries, they were cooled 
and immersed in a 50-100 ppm chlorine wash.  Then they were frozen at -35 °C and stored at -20 
°C.  
 
 The IQF whole cranberries were supplied by Habelman Bros Co. (Wisconsin Rapids, WI, 
USA). The cranberries were passed through an ozonated spray, packed in cases, frozen and stored 




 Broccoli florets, kale leaves, and spinach leaves were frozen through an individually quick-
frozen (IQF) tunnel for approximately 10 min at temperature -20 oC according to procedures 
described by Nemzer (2018) (Nemzer et al., 2018). 
 
5.3.2 Drying methods 
 Freeze drying (FD): Whole fruits, broccoli florets, kale and spinach leaves were frozen at 
-20 ℃ and spread on trays to one layer. A Vacudyne Pilot Freeze Dryer (Vacudyne Inc., Chicago 
Heights, IL, USA) was operated at an absolute pressure of 0.5 mmHg. The temperature of the 
heating plate was 20 ℃ while the condenser temperature was -64 ℃. After drying for 24 h, the 
dried products were collected, placed in sealed plastic bags, and stored at room temperature for 
analysis.  
 
 Hot-air drying (AD): Fruit and vegetable drying was performed with a pilot air dryer 
(Wenger Drying Technology, Inc., Sabetha, KS, USA). Whole frozen fruits were thawed and 
spread on trays to a single layer that was placed in the dryer using parallel air flow at 70 ℃ and 
0.76 m/s. The drying was carried out until weight change was negligible.  
 
 Refractance Window drying: (RWD) A pilot scale Refractance Window dryer was used to 
dry broccoli florets, fruits, and leafy purees into flakes in this study. The frozen samples were 
thawed and then made into purees. The purees were applied onto a thin mylar film (0.75 mm) that 
run over a pool of hot and circulating water with a product thickness of about 50-80 m. The dryer 
circulation water temperature was set at 99 ℃. The average product temperature was 88 ℃, and 
the samples were dried for 3-4 min.   
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5.3.3 Differential Scanning Calorimetry 
 Differential Scanning Calorimetry (DSC) was performed to characterize the glass 
transition behavior of fruit and vegetable samples treated with different drying methods. Dried 
samples (1 g ± 0.1 g) were prepared according to Goula et al. (2008) and Pavan et al. (2012) with 
slight modifications (Goula et al., 2008, Pavan et al., 2012). The samples were dried in a freeze 
dryer (Dura-Dry, FTS Systems, Stone Ridge, NY, USA) for 24 h. The dried samples were then 
conditioned under vacuum at 25 ℃ for 48 h in desiccators (Thermo Scientific, Nalgene. NY, USA) 
containing anhydrous calcium sulfate (W.A. Hammond Drierite Company. OH, USA). 
Dried conditioned powders (~10 mg) were placed in Tzero hermetically sealed aluminum 
pans. The glass transition temperature was analyzed using a TA Instruments Q2000 differential 
scanning calorimeter (DSC). The hermetically sealed aluminum pans containing dried samples 
were placed in DSC and cooled to -65 ℃ at 50 ℃ /min. The samples were equilibrated at -65 ℃ 
for 1 min, and heated to 250 ℃ at 10 ℃ /min, followed by stabilizing at 250 ℃ for 1 min and 
cooling to 25°C at 1 ℃/min. An empty pan was used as reference. Nitrogen was used as purge gas 
during runs at a flow rate of 50 mL/min. The DSC thermograms data were analyzed using TA 
Universal Analysis software (TA Instruments, New Castle, DE, USA) to determine glass transition 
temperature (Tg) (onset, midpoint and offset) and change in specific heat capacity at Tg (∆Cp).  
 
5.3.4 Color measurement  
 The color of the dried samples was analyzed using a spectrophotometer Minolta Chroma 
Meter CR-300 (Minolta Corp., Osaka, Japan). A Hamilton Beach coffee grinder was used to grind 
the dried samples into a homogeneous particle-size. Grinding was performed doing 10-second-
pulses (coarse setting) for 90 ± 10 seconds. The ground sample was then placed into a 35 mm 
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plastic culture dish (Corning tissue culture dish, Corning, NY, USA) for color analysis. Three 
replicates of each lot were evaluated, and 15 readings were taken for each replicate by rotating 
plastic dish after every measurement. 
The color was determined with the CIE system, in which L*, a*, and b* represent darkness-
lightness, greenness-redness and blueness-yellowness, respectively. Total Color Difference (E) 
was determined using the following equation (Feng and Tang, 1998). 
 
∆E =  √(L1
∗ − L0
∗ )2 + (a1
∗ − a0
∗ )2 + (b1
∗ − b0





∗  are color values from the IQF samples, and L1
∗ , a1
∗  and b1
∗   are color values of 
dried fruits. 
 
5.3.5 Scanning electron microscope (SEM) 
 Dried samples were conditioned under vacuum at 25 ℃ for 48 h in desiccators (Thermo 
Scientific, Nalgene. NY, USA) containing anhydrous calcium sulfate (W.A. Hammond Drierite 
Company. OH, USA) to avoid moisture presence inside the SEM vacuum chamber. The 
conditioned samples were sputter-coated with gold and palladium particles (K575 sputter, Emitech 
Ltd, Kent, UK) prior to SEM analysis. Images were taken using a scanning electron microscope 
(FEI Quanta FEG 450 ESEM, Hillsboro, OR, USA) at 250, 500, and 1000 magnification. 
Three different samples were imaged at different points (Lu et al., 2015). Ten different spots on 
the sample were observed by moving the SEM scope along the x and y axis. Changes on surfaces 




5.4 Results and discussion 
5.4.1 Color 
 Color readings of the fruit samples from different drying methods are presented in Table 
5.1. A total color difference (ΔE) of close to zero indicates that the sample has a similar color to 
the control. The IQF samples were used as the control. Compared to the control, all dried samples 
for all fruits had a significantly different L*, a*, and b* values except for the FD method where no 
significant difference was found for the a* values of blueberries and cranberries, and b* value of 
the cranberries. For all the fruits, the ΔE of the RWD samples were significantly lower than the 
FD and AD samples except blueberries in which the AD samples had the least ΔE. It was noted 
that the samples with a dark tone, such as blueberries, retained their dark character during AD 
processes thus has less ΔE. On the other hand, bright colored fruits (light red) tended to retain their 
original color during RWD processes, resulting in less ΔE after drying.  Compared with the IQF 
samples (Table 5.1), the FD and RWD blueberries had significantly increased the L* values, thus 
looked little pale while the AD blueberries had scientifically lowered L*, thus appeared to be little 
darker. On the other hand, the FD and RWD cherry, strawberry and cranberry seemed to either 
maintain or increase L*, a*, and b* values. More vibrant and similar or higher *a values are 
observed in cherries, strawberries and cranberries dried with RWD and FD.      
The fewer color changes observed in the FD and RWD cherries, strawberries and 
cranberries may be caused by less decomposition of anthocyanins during drying, due to mild 
drying conditions, compared to AD (Nemzer et al., 2018). Similar results during FD and RWD 
were observed by other groups (Park and Kim, 2007, Topuz et al., 2009). Topuz et al. (2009) 
postulated that color retention observed in FD and RWD pepper samples was due to less pigment 
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oxidation caused by a reduced oxygen exposure and less pigment decomposition due to a reduced 
heat, compared to hot air drying. 
Color readings of the vegetable samples from different drying methods are presented in 
Table 5.2. A total color difference (ΔE) of close to zero indicates that the sample has a similar 
color to the control. The IQF samples were used as the control. The ΔE of the FD and RWD 
broccoli samples were significantly lower than the AD broccoli samples. In terms of color, the FD 
and RWD broccoli samples were the closest to the control (IQF) broccoli samples. By visually 
analyzing the broccoli florets, about ½ of the sample presented a light-green sample (Moreira et 
al., 2011). The FD and RWD yielded samples with a significantly higher luminosity L* values, 
making it similar to the control.  
On the other hand, the ΔE of the AD kale and spinach samples were the closest to the 
control (IQF) samples. To understand this behavior, an individual analysis of each color parameter 
is presented in Table 5.2. Compared with the IQF samples (Table 5.2), the FD and RWD broccoli, 
kale and spinach samples had significantly increased the L* values, thus looked little pale and 
presented the less color change. On the other hand, the AD broccoli, kale, and spinach had 
scientifically lowered L*, thus appeared to be little darker. In the kale and spinach samples, the 
control (IQF) L* values were closer to the AD samples. Naturally, these leafy greens present a 
dark-green pigmentation. The less change in L* value helped achieve a lower color change. 
A lower a* value was observed in all AD samples. Chlorophyll degradation is observed 
during heat treatments such as sterilization and hot air drying. (Garrote et al., 2008). Garrote  et 
al., (2008) found the temperatures exposure above 39.4 ℃ produced undesirable color changes 
in green peas. In this study, the vegetables were dried at temperatures > 60 ℃, which explains 
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the loss in green color. Sanmartín et al., (2011) noted that the degradation of chlorophyll can also 
be reliably linked by the loss of green color (Sanmartín et al., 2011).  
 
5.4.2 Glass transition (Tg) and Specific heat change (Cp) 
 The glass transition temperatures of the dried fruits and vegetables are shown in Figures 
5.1 and 5.3, respectively. Tg defines a change in the state of amorphous materials from a glass state 
to a rubbery state. When the temperature is above Tg, molecular excitation increases, resulting in 
thermodynamic, chemical and structural transformation, including stickiness and crystallization 
(Khalloufi et al., 2000, Goula et al., 2008). A material with higher Tg could have better storage 
stability. In this study, the FD and RWD fruits showed a significantly higher Tg (midpoint) than 
the AD samples, which could lead to a better stability at room temperature. A higher Tg was 
observed in the RWD samples compared to the FD samples. The DSC thermographs showed a 
subtle step change in heat flow of all the samples. These changes suggest the occurrence of glass 
transition in the first major endothermic peak between 5 and 15 °C for AD fruit samples, 12 and 
25 °C for RWD fruit samples, 5 ℃ and 18 ℃ for FD and 55 ℃ - 60 for all RWD, AD and FD 
vegetable samples, with the exception of broccoli AD (~ 80 ℃). The Tg of the FD açai powders 
reported by Pavan et al. (2012) was higher than those in this study. They found that fatty acids 
present in the freeze-dried açai powder triacylglycerol (TAG) had a low melting point and thus a 
lower Tg than the solid portion of the açai powder. The TAG recrystallization and degradation 
during drying (FD, AD, and RWD) may be the cause by the differences in glass transition 
temperatures among different drying methods within the same fruit sample. A higher Tg (midpoint) 
was observed in strawberries, cherries and cranberries dried by RWD compared to blueberries, 
which is in agreement with the report of Khalloufi et al. (2000).  No significant difference was 
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found in dried vegetables. The Tg values were over 50 ℃, which makes the dried vegetable 
powders stable at room temperature (25 ℃). 
 Values of the specific heat change at glass transition of the dried fruits and vegetables were 
obtained from the heat flux of the DSC curves, and are depicted in Figures 5.2 and 5.4. It can be 
seen that the cherry and strawberry samples (Fig. 5.2) showed a significantly lower change in 
specific heat at the glass transition than the blueberry and strawberry. This is an indication that the 
dried cherry and strawberry samples were not entirely conformed of amorphous materials or had 
a higher composition of solids in the amorphous state than in a crystalline state (Mayhew et al., 
2017). This composition can affect the rehydration rate of the samples. The higher composition of 
solids in the amorphous state can rehydrate faster (Sagar and Kumar, 2010), thus it can be more 
susceptible to caking.  
 
5.4.3 Surface morphology 
 The SEM micro-images of the dried cherries and blueberries are shown in Figure 5.5, and 
that for the dried vegetables are showed in Figure 5.6. Among the 3 drying methods, the air-dried 
fruits and vegetables had a rough surface morphology while the surfaces of the RWD samples are 
relatively smooth. On the micrometer scale, the cranberry samples for all drying methods showed 
more shrinkage (or rougher surface), while the dried strawberries had the least deformation as 
shown by a smoother surface appearance. The freeze-dried samples seem to have retained the cell 
structures as shown in Figure 5.5 M for cranberries where the clearly defined cell wall boundaries 
are visible while the air dried showed distorted and shrank cell wall boundaries (Figure 5.5 N, 
cranberries). The relatively smooth product surface in the RWD samples may be related to the 
operation method of RWD. Fruit  and vegetable purees were applied to the surface of a moving 
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mylar film that is in contact with a pool of hot water in the RW dryer. The dried products were 
removed from the mylar film in the form of small sheets. The product surface in contact with the 
mylar film was thus smooth. This is in agreement with the observation of Caparino et al. (2013) 
on RWD-dried mango product (Caparino et al., 2013). 
 
5.5 Conclusion 
 The 4 fruits and 3 vegetables subjected to drying with 3 drying methods exhibited different 
responses with regard to quality retention as determined by the measurements of physical quality 
indexes. Overall, the freeze-dried fruits showed better quality retention compared with the fruits 
dried with the Refractance Window and hot-air drying methods. Hot air drying was detrimental in 
the retention of green color in vegetables. The micro-images showed noticeable cell damage, 
shrinkage and physical changes in hot air-dried samples compared to fewer changes in the freeze-
dried samples. The glass transition temperature of the fruits was significantly lower (about 40 ℃ 
lower) than that of the dried vegetables. This is caused by the differential in soluble solids (sugars) 
between fruits and vegetables. The results confirm that to better retain the quality attributes of 
fruits and vegetables, freeze-drying will be a good option. However, the Refractance Window 
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Wojdyło, A., A. Figiel, and J. Oszmiański. 2009. Effect of drying methods with the application of 
vacuum microwaves on the bioactive compounds, color, and antioxidant activity of strawberry 





































5.7 Figures and tables  
 
 
Figure 5.1. Glass transition of dried fruit samples. FD = freeze drying, AD = hot air drying, and 
RWD = Refractance Window drying 
a-c. Glass transition temperature (Tg) midpoint means between treatments (FD, AD and RWD) 
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Figure 5.2. Change in specific heat (∆Cp) (J/g°C) at Tg of dried fruit samples. FD = freeze 
drying, AD = hot air drying, and RWD = Refractance Window drying 
a-b. Change in specific heat (∆Cp)  (J/g°C) means between treatments (FD, AD and RWD) within 
the same fruit sample with the same letter in each sample are not significantly different (p<0.05) 
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Figure 5.3. Glass transition of dried vegetables samples. FD = freeze drying, AD = hot air 
drying, and RWD = Refractance Window drying 
a-b. Glass transition temperature (Tg) means between treatments (FD, AD and RWD) within the 







































Figure 5.4. Change in specific heat (∆Cp) (J/g°C) at Tg of dried vegetables samples. FD = freeze 
drying, AD = hot air drying, and RWD = Refractance Window drying 
a-b. Change in specific heat (∆Cp)  (J/g°C) means between treatments (FD, AD and RWD) within 



























Figure 5.5. Micro-images of blueberries, cherry, cranberry, and strawberry dried with 3 drying 
methods, in which A, B, C, G, H, I, M, N, O, S, T, and U were at magnification of 250×, and D, 
E, F, J, K, L, P, Q, R, V, W, and X were at 500× . FD = freeze drying, AD = hot air drying, and 
RWD = Refractance Window drying 
(A) (B) (C)
(D ) (E) (F)
Blueberry
(G) (H ) (I)












Figure 5.6. Micro-images of broccoli, kale and spinach dried with 3 drying methods, in which A, 
B, C, G, H, I, M, N, and O were at magnification of 250×, and D, E, F, J, K, L, P, Q, and R were 












IQF 17.62 ± 3.31c 7.98 ± 1.13ab 0.33 ± 0.14b 0.0a 
FD 25.97 ± 2.17a 9.36 ± 3.21a 1.77 ± 0.95a 9.22 ± 1.91c 
AD 18.1 ± 1.06c 6.22 ± 0.87bc 2.17 ± 0.49a 2.89 ± 0.52a 




IQF 28.29 ± 1.95b 17.33 ± 2.62c 3.72 ± 0.86c 0.0a 
FD 37.12 ± 0.31a 34.87 ± 0.78a 9.78 ± 0.35a 20.55 ± 0.75d 
AD 18.91 ± 2.04c 12.62 ± 1.40d 5.43 ± 0.70b 10.72 ± 2.19c 




IQF 41.16 ± 2.63c 37.62 ± 4.30b 23.30 ± 3.41a 0.0a 
FD 57.89 ± 1.14a 40.50 ± 0.53a 21.24 ± 0.31ab 17.12 ± 1.08c 
AD 37.37 ± 1.32d 17.37 ± 0.46d 20.10 ± 0.98bc 20.90 ± 0.61d 




IQF 33.57 ± 5.00b  36.24 ± 8.04b 12.64 ± 7.82a 0.0a 
FD 41.61 ± 2.82a 40.28 ± 4.05ab 13.34 ± 0.89a 10.05 ± 1.83c 
AD 26.66 ± 1.39c 18.51 ± 0.58c 7.91 ± 0.48b 19.64 ± 0.82d 
RWD 36.42 ± 2.37b 41.49 ± 0.99a 14.18 ± 0.81a 6.62 ± 1.09b 
 
Table 5.1. Color readings of four fruits dried with 3 drying methods. IQF = individually quick-
frozen (Control), FD = freeze drying, AD = hot air drying, and RWD = Refractance Window 
drying 
a-d. L*, a*, b* and ΔE means between treatments (IQF, FD, AD, and RWD) within the same fruit 
















IQF 37.35 ± 0.79 b -20.22 ± 0.82 d 24.63 ± 1.52 b 0.0 a 
FD 47.24 ± 6.92 a -15.47 ± 1.32 b 23.20 ± 1.92 b 12.31 ± 4.69 b 
AD 30.88 ± 2.05 c -7.34 ± 0.7 a 16.98 ± 1.71 c 16.44 ± 1.78 c 




IQF 31.29 ± 1.63 b -15.64 ± 1.04 c 18.15 ± 1.99 c 0.0 a 
FD 46.80 ± 2.89 a -13.81 ± 0.73 b 23.07 ± 1.66 b 16.44 ± 3.03 c 
AD 29.64 ± 2.46 b -7.57 ± 0.66 a 14.78 ± 1.97 d 9.35 ± 1.23 b 




IQF 28.24 ± 1.62 b -12.39 ± 2.13 b 14.93 ± 4.87 a 0.0 a 
FD 44.60 ± 8.69 a -12.71 ± 1.39 b 17.89 ± 2.79 a 18.32 ± 4.69 c 
AD 24.51 ± 3.28 b -4.20 ± 0.45 a 10.18 ± 1.22 b 10.63 ± 1.46 b 
RWD 42.23 ± 2.24 a -12.89 ± 0.75 b 15.12 ± 1.25 a 14.06 ± 2.28 b 
 
Table 5.2. Color readings of three vegetables dried with 3 drying methods. IQF = individually 
quick-frozen (Control), FD = freeze drying, AD = hot air drying, and RWD = Refractance 
Window drying 
a-d. L*, a*, b* and ΔE means between treatments (IQF, FD, AD, and RWD) within the same 









DEVELOPMENT OF SINGLE CHANNEL DRYING PLATFORM FOR EVALUATION 
OF HOT-AIR DRYING PROCESSES 
6.1 Abstract 
 Convective hot air drying is the most widely used method to dry fruits and vegetables 
(Bondaruk et al., 2007). In a hot-air drying process, elevated temperatures, exposure to oxygen, 
extended drying time often cause unfavorable physical and chemical changes in the end product 
(Karaman et al., 2014). The quality changes in hot-air drying include shrinkage, undesired 
browning, loss of nutrients and volatiles, and degradation of bioactive compounds, among others 
(Figiel, 2009, Calín-Sánchez et al., 2013, Sojak et al., 2013, Karaman et al., 2014). The degree of 
quality degradation during drying is determined by the nature of the material, drying method, air 
temperature, drying time and final moisture content (Sojak et al., 2013). 
 Hot air conditions, such as temperature, velocity, and relative humidity (RH), play a key 
role determine the performance of the dryer. In the past, however, only a few researchers have 
attempted to evaluate the effect of all the hot-air parameters on drying. In this work, we developed 
a new single-channel hot-air drying platform with the capacity to control air velocity, relative 
humidity, and temperature to evaluate the drying kinetics of apples, strawberries, and chickpeas, 
pretreated with and without ultrasound. Four thin-layer models were used to fit drying data. 
Changes in selected quality attributes were evaluated to examine the effect of drying under 
different hot air conditions.  The results showed that ultrasound pretreatment enhanced drying of 
apples as shown by a shorter drying time, higher drying rate, higher moisture diffusivity value, 
and less quality degradation. The thin layer models provided a good fit of the drying data. The 
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effect of drying conditions on drying kinetics is product-type dependent. Air relative humidity 
played an important role. 
 





















 Factors such as air temperature, air velocity, air humidity, and drying method affect the 
performance of a hot-air dryer. Researchers working on drying of biomaterials have realized the 
importance of these operational factors on drying kinetics, moisture diffusivity, and changes in 
product quality (Karathanos et al., 1990, Belhamri, 2003, Doymaz, 2008, Chen et al., 2012, 
Doymaz, 2012). Previous studies have documented the effect of drying method, temperature, and 
air velocity, but no one seems to have examined the effect of air humidity on drying performance. 
This is mainly caused by a lack of suitable drying equipment capable of regulating relative 
humidity of intake air. Thermogravimetric analysis (TGA) is a good approach to obtain data to 
characterize drying parameters, but the inability to change air conditions is a limitation. In addition, 
the previous reports on the role of temperature, air velocity and drying methods on moisture 
diffusivity gave inconsistent results. In some cases, the relative humidity of the air was not 
controlled and may vary in a range of 5-45% (Karathanos et al., 1990, Doymaz, 2012) or not 
reported (Doymaz, 2008). 
 To accurately calculate moisture diffusivity, isothermal conditions during the drying 
process should be maintained (Chen et al., 2012). TGA can be used to achieved isothermal 
conditions, and its software provides advantages for data collection and analysis. However, the 
carrier gas (N2) required to perform the drying experiments is not an appropriate representation of 
air conditions in laboratories and process facilities. N2 contains < 1ppm of water thus having a 
very low relative humidity.  In addition, the gas flow rate and sample size are limited in a TGA.  
 In a drying facility, oftentimes there is a need to re-determine the optimal drying conditions 
of a commercial dryer when the raw material is from another supplier, or when drying conditions 
are changed due to, for instance, weather changes. One has to run a number of experiments to find 
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the new optimal drying conditions. Running multiple drying tests with a commercial dryer to find 
optimal operational conditions is expensive and wasteful. There is a need to develop a capability 
to run drying tests with comparable conditions to the original processing facility with a lower 
amount of material.  An important part of this thesis was dedicated to turn this idea into reality. A 
single-channel hot-air dryer was designed, fabricated, tested, and used to perform drying 
experiments. With the information and data acquired during the development of this equipment, a 
multichannel hot-air dryer with increased capabilities to run drying experiments of 8 samples at a 
time was designed and is being fabricated.  
 These units will help the industry save energy and produce better-quality products in a 
sustainable way by providing a research tool to mimic processing facilities conditions and 
accurately evaluate numerous possible drying conditions in a short period of time. In this study, a 
new single-channel hot-air drying platform with the capacity to control air velocity, relative 
humidity of intake air, and drying temperature was developed. The new dryer was used to evaluate 
the drying kinetics of apples, strawberries, and chickpeas. 
 
6.3 Materials and methods 
6.3.1 Single-channel hot air dryer manufacture 
 A single-channel hot-air dryer with adjustable settings for temperature, air velocity and 
relative humidity of intake air was developed. The hot-air dryer consisted of a heating source 
(electric coils), a fan/blower, and a drying chamber equipped with a load cell for constant weight 
loss monitoring. The equipment was designed to be able to adjust air temperature, air velocity and 
humidity of intake air. The equipment was used to evaluate the effect of drying temperature and 
relative humidity of intake air on the drying-kinetics using strawberries, chickpeas, and apples. 
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 In addition, this platform served as a prototype for research insights for the design of a 
multiple-channel hot-air dryer research platform (see appendix). The single-channel research 
platform consists of 6 zones or areas: 
 
 Dehumidification: to obtain low-moisture intake air during drying experiments, a 70-Pint 
home unit dehumidifier (Frigidaire FFAD7033R1, Charlotte, North Carolina, USA) was used. The 
dehumidifier was added to the single-channel dryer air-intake section. All drying experiments were 
designed to be conducted with intake air humidity conditions changing from 20% relative humidity 
(RH) (
4 𝑔 𝐻2𝑂
𝐾𝑔 𝑜𝑓 𝐷𝑟𝑦 𝑎𝑖𝑟
) to 60% RH both at 25 ℃ ( 
12 𝑔 𝐻2𝑂
𝐾𝑔 𝑜𝑓 𝐷𝑟𝑦 𝑎𝑖𝑟
). 
 
 Ultrasonic humidification: to obtain high-moisture intake air (up to 60% RH ( 
12 𝑔 𝐻2𝑂
𝐾𝑔 𝑜𝑓 𝐷𝑟𝑦 𝑎𝑖𝑟
) during drying experiments a custom-made pan was modified to install a 20-mm 
ultrasonic piezoelectric transducer (UPT) HY-2517, 1.70 MHz. The UPT created a water-mist to 
increase the moisture content of the intake air. The UPT was installed at the bottom of pan and 
was controlled using a solid-state relay (delay-on-off adjustable switch, Omega TD-69). The 
custom-made pan contained deionized water and the on-and-off cycles of intermittent ultrasound 
created a water-mist. The on-and-off cycles were manually adjusted to modify the intake air 
moisture contents of up to ~  
12 𝑔 𝐻2𝑂
𝐾𝑔 𝑜𝑓 𝐷𝑟𝑦 𝑎𝑖𝑟
 (~ 60% RH @ 25 ℃). When atmospheric conditions in 
the laboratory were ≤ 10% RH at 25 ℃, a commercial humidifier (Honeywell Mist Mate 
HUL520W) was used to assist the UPT humidifier installed in the single dryer. The commercial 
humidifier output was placed 15 cm from the dryer air inlet and manually adjusted until the desired 




 Air intake: An electric blower was used to move air into the dryer unit. A Fantech IR 
series iris damper (System air, Sweden) was attached to the electric blower to control the air flow 
and air velocity. Air velocity was estimated by the following equation:  
 





 or CFM, k: constant (factor), and ∆𝑃: change in pressure. 
 
The iris damper was set to a specific k factor, and a change in air pressure was measured using a 
616KD differential pressure transmitter (Dwyer instruments, Michigan City, IN, USA). The 
pressure change was displayed using a TID-3 process display with a 4-20 mA input.  The air 
velocity was also measured using an anemometer (Omega engineering, Stamford, CT, USA). Data 
measured was within a 2% of difference of the calculated air velocity. 
 
 Heaters: two Omegaflux M2179/0395 insulated maximum flow air heaters (Omega 
engineering, Stamford, CT, USA) were modified and used as the heat source in the hot-air dryer. 
The air heaters had an outside diameter of 10 cm, up to 300 ℃ of temperature range (at low air 
velocity) and airflow capacity of up to 360 
𝑚3
ℎ
. A Pulse Width Modulation (PWM) series pulse 
control converter (Omega engineering, Stamford, CT, USA) was used as a proportional output 
temperature controller to turn heaters on and off to maintain isothermal conditions throughout the 




 Drying chamber: the custom-made aluminum drying chamber had dimensions of  92 cm 
x 13 cm x 13 cm. A high temperature-humidity probe transmitter sensor (Omega engineering, 
Stamford, CT, USA) was installed to monitor the temperature and humidity of the intake air inside 
the drying chamber prior to heating air. After the air was heated, the sensor provided temperature 
information throughout the drying experiment. A signal conditioner DMD-470 was used to 
condition analog data into a digital output. The temperature and humidity data were showed in a 
screen (DMS-20LCD-4/20 series) and continuously monitored.  
A high-temperature thermocouple (Omega engineering, Stamford, CT, USA) was installed inside 
the drying chamber to monitor the temperature when drying experiments were conducted at 
temperatures > 80 ℃. A pair of custom-made honeycomb-style air stabilizers were installed to 
stabilize air flow (Diehl, 1948). 
 
 Load cell: an omegadyne subminiature tension load cell (Omega engineering, Stamford, 
CT, USA) was modified to provide better insulation and installed hanging from the top of the 
drying chamber. An isolated signal conditioner DMD-470 was used to condition analog data into 
a digital output. A custom-made perforated tray was used to hold the samples. Weigh changes 
during the drying process were shown in a screen (DMS-20LCD-4/20 series). Data was logged 
using a recording device. 
 
6.3.2 Sample preparation 
 Apple. Red delicious apples were obtained at a local market, stored in a cold room for up 
to 3 days at 4 ℃ ± 1 ℃, and used to evaluate the effect of relative humidity of the intake air, drying 
temperature and ultrasound pre-treatment on the drying kinetics.  Samples were taken out of 
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storage and placed at 25 ℃ for 1 hour.  A cork borer of 0.51 cm of internal diameter was used to 
excise cylinders (~10 pieces) from a whole apple. Excised apple cylinders were placed in deionized 
water (DW) with a sample-to-water ratio of 1:30 at 25 ℃ ± 1 °C for up to 1 minute and treated 
with ultrasound according to methodology in Chapter 3 § 3.3.2. The ultrasound-treated and non-
ultrasound-treated apple cylinders (30 g ± 1 g) were placed in the custom-made perforated tray 
and drying experiments were conducted using the single-channel dryer according with the 
methodology in Chapter 6 § 6.3.5.  
 
 Chickpeas. Cooked chickpeas were provided by Hershey’s as part of a funded project in 
the Center for Advanced Research in Drying (CARD). Cooked samples were stored in a cold room 
for up to 7 days at 4 ℃ ± 1 ℃ and used to evaluate the effect of relative humidity of intake air on 
the drying kinetics.  Samples were taken out of storage and placed at 25 ℃ for 1 hour. Whole 
chickpeas (30 g ± 1 g) were then placed in the custom-made perforated tray and drying experiments 
were conducted using the single-channel dryer according to the methodology in Chapter 6 § 6.3.5. 
 
 Strawberry. Fresh strawberries were obtained at a local market, stored in a cold room for 
up to 3 days at 4 ℃ ± 1 ℃, and used to evaluate the effect of relative humidity of intake air on the 
drying characteristics.  Samples were taken out of storage and placed at 25 ℃ for 1 hour.  A single-
blade slicer (OXO SoftWorks Hand-Held Mandoline slicer) was used to obtain strawberry slices 
(~15 pieces) with a thickness of 3.2 mm ± 0.2 mm. The strawberry slices (30 g ± 1 g) were placed 
in the custom-made perforated tray and drying experiments were conducted using the single-




The initial moisture content of apples, chickpeas and strawberry samples was determined by the 
AOAC vacuum oven method (24 hours at 70 ℃, 3.33 kPa) (AOAC, 1984). 
 
6.3.3 Standard procedure for operating the single-channel hot-air dryer 
 A standard procedure for operating the single-channel prototype was developed which 
contains the following steps. 
 
 Step 1. A hygrometer (Fisherbrand™ Traceable™ Humidity Meter, Fisher Scientific, 
Hampton, NH) was used to monitor the temperature and relative humidity (RH) of the room where 
the drying test would be performed. A ThermoPro TP50 digital hygrometer was placed within 10 
cm ± 2 cm of the air inlet of the dryer to monitor the RH. This information was used to adjust the 
relative humidity of the intake air required in the experiment.  
 
 Step 2. The air velocity was adjusted to the parameters according to the experimental 
design (Table 6.1). An iris damper (Chapter 6 § 6.3.1) was adjusted to increase or decrease the air 
flow into the system. A pressure sensor measured the air pressure change, and the air velocity was 
calculated according to the procedure in Chapter 6 § 6.3.1 and compared with measurements from 
an anemometer. 
 
 Step 3. If the room temperature was below 25 ℃, the PWM pulse control was used to 
adjust the intake air to 25 ℃ ± 1 ℃. The dryer ran at 25 ℃ until the temperature was stable for at 
least 10 min. Once the inlet temperature was stable at 25 ℃, the temperature-humidity probe 
transmitter sensor was used to monitor the RH of the intake air. If the RH of the intake air was 
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higher than the RH required in the experiment, the dehumidifier (Chapter 6 § 6.3.1) was used to 
adjust the RH to the target value manually. The system was considered to be stable until isothermal 
and constant humidity conditions were achieved for 10 min.  
 
 Step 4. In the event that the RH of the intake air was below the RH required in the 
experiment, the ultrasonic piezoelectric transducer (UPT) was activated to produce a mist and 
increase the humidity of the air. The UPT was manually adjusted using on-and-off intermittent 
cycles. The on-off ultrasound cycles were controlled by a solid-state relay (Chapter 6 § 6.3.1), and 
the humidity of the inlet air was monitored with the high temperature-humidity probe transmitter 
sensor (Omega engineering, Stamford, CT, USA) installed inside the drying chamber. The system 
was considered to be stable until isothermal and constant humidity conditions were achieved for 
10 min. 
 
 Step 5. Once the target conditions of the intake air were achieved, the drying temperature 
was adjusted using the PWM pulse control to increase the intake air temperature from 25 ℃ ± 1 
℃ to the target drying temperature. If the temperature in the experiment was ≤ 80 ℃, the high 
temperature-humidity probe transmitter sensor (Omega engineering, Stamford, CT, USA) was 
used to monitor the drying temperature throughout the drying process. If the temperature in the 
experiment was > 80 ℃, a high-temperature thermocouple (Omega engineering, Stamford, CT, 
USA) was used to monitor the drying temperature throughout the drying process. 
 
 Step 6. Once all conditions were verified, the single-channel hot-air dryer was operated for 
30 minutes, the sample was put in the drying chamber to perform the drying.  
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 Step 7. Weight changes were monitored throughout the entire drying process. An insulated 
load cell measured the sample weight. The data was displayed on a digital screen (Chapter 6 § 
6.3.1) and recorded using a video-capture device. The data recorded were analyzed and weight 
change data were used for drying kinetic parameter calculations.  
 
6.3.4 Ultrasound pre-treatment 
 The ultrasound treatment of apples was performed by an ultrasonic probe (4 cm diameter) 
driven by an ultrasonic generator (25 kHz) (Quality Sonic Products, EZ, SOEST, Netherlands) for 
1 min. Ultrasonication of red delicious apple cylinders was conducted following the protocol in 
Chapter 3 § 3.3.2. 
 
6.3.5 Drying experiments 
 Drying experiments of apples, chickpeas, and strawberries were conducted in the single-
channel hot-air dryer. The experimental parameters of the hot-air dryer were adjusted prior to the 
start of the drying experiments following the protocols in Chapter 6 § 6.3.3. Table 6.1 shows the 
experimental parameters for all the samples. 
The samples (30 g ± 1 g) were placed in a custom-made perforated sample tray, which was 
hung to the top-mounted load cell to monitor the weight change during the drying process. Hot-air 
(parallel air flow) passed through the samples and moisture was carried out. The weight change 




6.3.6 Moisture diffusivity 
 The weight change data retrieved in the drying test used to calculate the effective moisture 
diffusivity (Deff). 
 Apples. The effective moisture diffusivity (Deff) of apple cylinders was determined from 
the drying curves produced with the single-channel hot-air dryer. The slope method was used to 
estimate the diffusion of the apple cylinders (Feng et al., 2000, Schössler et al., 2012) following 
the protocols in Chapter 3 § 3.3.6.1. 
 Chickpeas. The Deff of cooked chickpeas was determined from the drying curves produced 
by the single-channel hot-air dryer, assuming that the diffusion followed a spherical model (Simal 
et al., 1996, Doymaz and Kocayigit, 2011) following the protocols in Chapter 3 § 3.3.6.2. 
 Strawberries. The Deff of fresh strawberry slices was determined from drying curves 
produced with the single-channel hot-air dryer, following the protocols in Chapter 4 § 4.3.4, 
assuming that the strawberry slices can be simplified as an isotropic slab (Schössler et al., 2012, 
Koukouch et al., 2017). 
 
6.3.7 Mathematical modeling of drying curves 
 The dimensionless moisture ratio (MR) or dimensionless moisture content of apple, 
chickpeas, and strawberries was calculated by the following equation: 
 
MR =  
𝑋𝑡−𝑋𝑒
𝑋0−𝑋𝑒
                (6.2) 
 




 Three thin-layer models were used to fit the experimental drying data obtained from the 
single-channel hot-air dryer. The accuracy of the models to predict the drying characteristics was 
statistically evaluated using the coefficient of determination (R2), the root means square error 
(RMSE), and reduced chi-square (χ2). High R2 values and low RMSE and χ2 values indicated a 
better fit. 
 
6.3.8 Activation energy 
 The activation energy of the dried apples and US pre-treated apples at three temperatures 
and three RH was calculated. The effective moisture diffusivity (Deff) and drying temperature can 
be correlated by the Arrhenius expression shown below 
 
Deff = D0 𝑒𝑥𝑝(−
𝐸𝑎
𝑅(𝑇+273.15)
)              (6.3) 
where Deff = moisture diffusivity (m
2/s), D0 = constant in Arrhenius equation (m
2/s), Ea = activation 
energy (kJ/mol), T= drying temperature (℃), and R= universal gas constant (kJ/mol. K). 
 
Rearranging equation 6.3 yields: 
 
ln (Deff) = ln (D0)  −
𝐸𝑎
𝑅(𝑇+273.15)
            (6.4) 
 A plot of ln (Deff) vs. 1/T will produce a straight line and the activation energy can be 
calculated (Feng et al., 2000, Doymaz, 2008, Doymaz, 2012). The equation was used to calculate 




6.3.9 Quality attributes 
Color 
 The color of the dried apple samples was analyzed using a spectrophotometer Minolta 
Chroma Meter CR-300 (Minolta Corp., Osaka, Japan). A Hamilton Beach coffee grinder was used 
to grind the dried samples into a homogeneous particle-size. Grinding was performed using 10-
second-pulses (coarse setting) for 90 ±10 seconds. The ground sample was then placed in a 35-
mm plastic culture dish (corning tissue culture dish, Corning, NY, USA) for color analysis. Three 
replicates of each lot were evaluated, and 15 readings were taken for each replicate by rotating 
plastic dish after every measurement. 
Color was determined with the CIE system, in which L*, a*, and b* represent darkness-
lightness, greenness-redness and blueness-yellowness, respectively. Total color difference (ΔE) 
was determined using the following equation (Feng and Tang, 1998).  
Δ𝐸 = √(L1
∗ − L0
∗ )2 + (a1
∗ − a0
∗ )2 + (b1
∗ − b0





∗  are color values of fresh sliced apples, and L1
∗ , a1
∗  and b1
∗   are color values of 
the dried apples. In addition, the browning index was evaluated using the following equation 
(Acevedo et al., 2008, Xanthopoulos et al., 2013):  
 
ΔL* = 𝐿0
∗  − 𝐿1
∗                (6.6) 
 
where L0
∗  corresponds to the lightness of fresh sliced apples and L1






 Dried apples (2 g ± 0.2 g) were used to calculate the rehydration capacity. Each sample 
was placed in a beaker container with 200 mL of deionized water (25 ℃ ± 2 ℃). The samples 
were submerged for 1 hour. After 1 hour of rehydration, the samples were removed from the water 
and excess water was drained by placing samples in sieves over disposable paper towels for 1 min. 
The samples were dried with a paper towel and weighed using a digital balance (Intell-Lab PC-
15001). The rehydration capacity was calculated with the following equation (Doymaz, 2012):  
 
RC =  
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑟𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑎𝑝𝑝𝑙𝑒𝑠
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑑𝑟𝑖𝑒𝑑 𝑎𝑝𝑝𝑙𝑒𝑠
             (6.7) 
 
6.3.10 Statistical Analysis 
 The experiments were performed with a Complete Randomized Design (CRD) with each 
treatment conducted a minimum of three times. Data were analyzed using a general linear model 
available in SAS version 9.1 (SAS Institute, Raleigh, NC, USA), and with Origin-Pro 2016 
(OriginLab Corporation, MA, USA). Mean separation was done using the Tukey's test with α= 
0.05. 
 
6.4 Results and discussion 
 Figures 6.1 (A) and 6.1 (B) show the drying curves and drying rate curves, respectively, of 
the apple cylinders at 60 ℃ at three RH levels: 20%, 40% and 60%. The solid lines correspond to 
samples without ultrasonication pretreatment and the dashed lines correspond to samples with 
ultrasonication pretreatment (25 kHz) for 1 min. The apple cylinders pre-treated by ultrasound 
reached a constant moisture content up to 28% faster than the untreated samples (Fig. 6.1 A). It 
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was observed that all the samples with ultrasound (US) pretreatment had a slightly higher drying 
rate and reached a constant moisture content faster than their non-US treated counterpart. 
In this study, the effective moisture diffusivity (Deff) of the apples dried at 60 ℃ without 
US pretreatment, ranged from 1.73 x 10-8 
𝑚2
𝑠
 to 2.60 x 10-8 
𝑚2
𝑠
 in the first falling period and from 
0.25 x 10-8 
𝑚2
𝑠
 to 0.72 x 10-8 
𝑚2
𝑠
 in the second falling period. The Deff of the apples dried at 60 ℃ 
with US pretreatment, ranged from 2.21 x 10-8 
𝑚2
𝑠
 to 3.17 x 10-8 
𝑚2
𝑠
 in the first falling period and 
from 0.30 x 10-8 
𝑚2
𝑠
 to 0.90 x 10-8 
𝑚2
𝑠
 in the second falling period. An increase in the effective 
moisture diffusivity (Deff) in the first and second falling periods was observed in the ultrasound 
treated samples. The Deff was significantly higher in the US-pretreated apple samples dried at 60 
℃, RH 60%, compared to the US-pretreated apples dried at 60 ℃, RH 20% and RH 40% (Fig. 
6.2).  
The relative humidity of the intake air was an important factor during drying processes. 
The Deff in the first falling period was not significantly different when the RH of intake air was 
20% and 40% (Fig. 6.2). In the second falling period, the Deff was significantly lower at RH 20%. 
The Deff (first and second falling period) was significantly lower when drying at 60 ℃, RH 60% 
compared to drying at 60 ℃, RH 20%, and 40%. Rahman et al. (2005) explain that a reduction in 
the RH of intake air increases the mass transfer rate during drying processes (Rahman et al., 2005). 
Very few researchers have taken into consideration the effect of relative humidity of the intake air 
on drying. One of the few published works about this phenomenon reports a shorter drying time 
and higher drying rate when drying apples at 35 ℃ with RH at 40 % compared to drying at 35 ℃ 
with 70% (Kaya et al., 2007). The Kaya’s study only tested one drying temperature (35oC) at 3 
RH values, thus is hard to be extrapolated to other drying conditions. In addition, drying at 35 ℃ 
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took up to 15 h. which would be unrealistic for a manufacturing facility. The RH ranges evaluated 
by Kaya et al., were 40%, 55%, and 77%. The RH of air at 25 ℃ can go as low as 15-20% during 
the winter season (data measured at drying room while performing drying experiments). This study 
addresses the limitations of previously published research. In this study, lowering the air humidity 
from 60% to 40% speeded up drying as shown by an increased diffusivity, but a too low RH of 
20% reduced drying rate as shown by a low Deff in the second falling period (Fig. 6.2). Bai et al., 
2002 reported case hardening in apples when drying at 60-65 ℃ and RH 20% (Bai et al., 2002). 
The case hardening is formed when moisture migrates from interior to the surface of the tissue and 
evaporates on the surface leaving the soluble solutes carried with the moisture on the surface  (Feng 
and Tang, 1998). With a 10% of sugar content in red apples (Murakami et al., 1994), this 
phenomenon is expected to occur. Both high-temperature drying, and the formation of case 
hardening produce a reduction of the mass transfer during hot-air drying (Maskan, 2001). The 
formation of an external crust explains the reduction in moisture diffusivity. This behaviour was 
not observed at RH 40% and 60% or when applying an US pretreatment to the samples. 
 Samples dried at 60 ℃ and high moisture intake-air (60% RH) showed the lowest drying 
rate in both ultrasound and no-ultrasound treated samples (Fig. 6.1 B). Reducing the RH of intake 
air from 60% to 20% decreased the absolute humidity of the intake air from 13.73 
𝑔
𝑚3




a 67% reduction. Reducing the RH of intake air from 60% to 40% decreased the absolute humidity 
of the intake air from 13.73 
𝑔
𝑚3
  to 9.15 
𝑔
𝑚3
 , a 33% reduction. This reduction increased the mass 
transfer rate, potentially reducing the time necessary to reach a constant moisture content. In this 
study, the samples undergoing drying at 60 ℃ with air at RH 40% dried faster compared to samples 
dried at 60 ℃ - 20% and 60 ℃ - 60%. A higher mass transfer explains the better drying 
performance comparing a high moisture intake air (60% RH) versus a low moisture intake air 
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(40% RH) (Rahman et al., 2005). The same behavior was not observed when comparing drying 
with a high moisture intake air (40% RH) versus a low moisture intake air (20% RH). To gain a 
deeper insight into this occurrence, effective moisture diffusivity (Deff) was analyzed (Fig. 6.2). 
When comparing the Deff of samples dried at 60 ℃ - 20% versus 60 ℃ - 40%, a significantly lower 
Deff in the second falling rate was observed. Drying with air at low relative humidity can increase 
the initial drying rate, forming hard structures and cracks in the surface of the sample, a 
phenomenon known as case hardening (Bai et al., 2002). Drying temperatures of 60 – 65 ℃ and 
RH 20 – 25% produces an external crust and cracks at the surface of dried apples and a lower open 
pore porosity, indicating a collapse in the tissue (Rahman et al., 2005). This collapse can be 
detrimental in the diffusivity of the apple tissue, mainly in the second falling period. This behavior 
was observed in Fig. 6.2. 
 The drying rate curves are shown in Fig. 6.1 B. Apples pre-treated with US exhibited a 
higher drying rate. When moisture content was around 3 kg water/kg dry matter (or around 73 % 
wet basis), an increase in the drying rate was observed in samples dried at 60 ℃ and RH 60%. 
This behavior was not observed when drying at higher temperatures (70 ℃ and 80 ℃). At this 
point, the sample absorbed moisture from the moist air and it was continuously removed due to 
the drying temperature and the occurrence was showed as an increase in the drying rate (Fig. 6.1 
B). This behavior was not present when drying at 70 ℃ (Fig. 6.3 B) and 80 ℃ (Fig. 6.5 B). Air at 
higher temperatures (70 ℃ and 80 ℃ at 60% RH) have a higher water holding capacity (up to 2 
times higher) than air at 60 ℃ and 60% RH. This prevented the absorption of water in the dried 
sample. A close monitoring of the weight changes in the sample was key to visualize this behavior. 
Figures 6.3 (A) and 6.3 (B) show the drying curves and drying rate curves, respectively, of 
the apple cylinders undergoing hot-air drying at 70 ℃ at three RH levels: 20%, 40% and 60%. The 
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apple cylinders pretreated with ultrasonication reached a constant moisture content up to 50% 
faster (100 min) than the untreated samples (Fig. 6.3 A). It was observed that all the US-pretreated 
samples had a slightly higher drying rate and reached a constant moisture content faster than their 
non-US treated counterparts. A lower drying rate was observed in the sample dried at 70 ℃ and 
20% RH (Fig. 6.3 A and 6.3 B). Samples pretreated by ultrasound for 1 min and dried under the 
same conditions of 70 ℃ and 20% RH reached a constant moisture content 50% faster (100 min) 
than the untreated samples. Overall, the ultrasound pretreatment increased the drying rate in all 
conditions (Fig. 6.3 A). In this study, the Deff of the apples dried at 70 ℃ without ultrasonication 
pretreatment ranged from 2.16 x 10-8 
𝑚2
𝑠
 to 2.61 x 10-8 
𝑚2
𝑠




 to 1.01 x 10-8 
𝑚2
𝑠
 in the second falling period. The Deff of the apples dried at 70 ℃ with 
US pretreatment ranged from 3.38 x 10-8 
𝑚2
𝑠
 to 4.39 x 10-8 
𝑚2
𝑠
 in the first falling period and from 
0.15 x 10-8 
𝑚2
𝑠
 to 1.77 x 10-8 
𝑚2
𝑠
 in the second falling period. An increase Deff in the first and second 
falling period was observed in ultrasound-treated samples. The Deff was significantly higher in the 
US-pretreated apple samples dried at 70 ℃, RH 40%, compared to drying at 70 ℃, RH 20% and 
RH 60% (Fig. 6.4).  In samples without US-pretreatment, the Deff in the first and second falling 
rate was not significant different when drying at 70 ℃ (Fig. 6.4). A slightly lower Deff was found 
when drying at 70 ℃, RH 20% and sample reached a higher constant moisture content than the 
samples dried at 70 ℃, RH 40% and 60% (Fig. 6.3). 
Figures 6.5 (A) and 6.5 (B) show the drying curves and drying rate curves, respectively, of 
the apple cylinders dried at 80 ℃ at RH of 20%, 40%, and 60%. A similar behavior to drying at 
70 ℃ was. The apple cylinders pretreated by ultrasonication for 1 min reached a constant moisture 
content from 27% to 50% faster (40 min - 100 min) than the untreated samples (Fig. 6.5 A), 
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specifically in samples dried at 80 ℃, RH 20%. All the samples pretreated by ultrasonication had 
a slightly higher drying rate and reached a constant moisture content faster than their non-US 
treated counterpart. At the initial stages of the drying process, a higher drying rate was 
momentarily observed at 80 ℃ and 20% RH (Fig. 6.5). When the sample reached a moisture 
content of 4 
𝑘𝑔 𝑤𝑎𝑡𝑒𝑟
𝑘𝑔 𝑜𝑓 𝐷𝑀
 or around 80% wet basis, a lower drying rate was observed in the samples 
dried at 80 ℃ and 20% RH (Fig. 6.5 A and 6.5 B). This is also evidenced by a lower Deff at 80℃, 
RH 20%. The US-pretreated samples dried at 80 ℃ and 20% RH reached a constant moisture 
content 50% faster (100 min) than the untreated ones. Overall, the US pretreatment increased the 
drying rate in all conditions (Fig. 6.5 A). In this study, the Deff of the apples dried at 80 ℃ without 
US pretreatment ranged from 2.73 x 10-8 
𝑚2
𝑠
 to 2.96 x 10-8 
𝑚2
𝑠
 in the first falling period and from 
0.79 x 10-8 
𝑚2
𝑠
 to 1.26 x 10-8 
𝑚2
𝑠
 in the second falling period. The Deff of the apples dried at 80 ℃ 
with US pretreatment ranged from 6.65 x 10-8 
𝑚2
𝑠
 to 4.03 x 10-8 
𝑚2
𝑠
 in the first falling period and 
from 0.06 x 10-8 
𝑚2
𝑠
 to 0.54 x 10-8 
𝑚2
𝑠
 in the second falling period. An increase in the effective 
moisture diffusivity (Deff) in the first falling period was observed in US-treated samples. The Deff 
was significantly higher in US-pretreated apples dried at 80 ℃, RH 60%, compared to that at 80 
℃, RH 20% and RH 40% (Fig. 6.6). A lower Deff in the second falling period was observed in US-
treated samples, probably caused by a fast-initial drying rate in the initial states of drying (Bai et 
al., 2002). As can be seen in Figs. 6.5 A and 6.5 B, the decrease in the Deff of the second falling 
period was not detrimental for the drying of the sample. The intake air with low RH (20%) was 
resulted in low Deff of samples dried at 60 ℃ (Fig. 6.2), 70 ℃ (Fig. 6.4) and 80 ℃ (Fig. 6.6). 
Unlike samples dried at 60 ℃ and 70 ℃ with RH 60%, the intake air with high RH (60%) did not 
have a negative impact to Deff when drying at 80 ℃. During drying in the falling rate period, the 
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surface temperature of the samples increases as the moisture content decreases (Di Scala and 
Crapiste, 2008). The air with high RH might slightly decrease the temperature at the surface of the 
sample when drying at high temperatures (80 ℃), thus reducing tissue collapse caused by high 
temperatures (decreasing the level of case hardening). 
 Figures 6.7 and 6.8 show the moisture diffusivity (Deff) of apple cylinders in the first falling 
period of drying, without and with US-pretreatment. The effects of drying temperature, US pre-
treatment and relative humidity of intake air are evidenced. Overall, higher diffusivities in the first 
and second falling period were observed when drying at higher temperatures. Other researchers 
have reported an increase in the diffusivity with higher drying temperatures, due to increased mass 
transfer during the drying process and rapid evaporation (Feng et al., 2000, Babalis and Belessiotis, 
2004, Doymaz, 2012). 
 The effect of RH can also be observed in Figures 6.7 and 6.8. A lower Deff was observed 
in the samples dried at 60 ℃ and 70 ℃ with a low RH of 20 % and high RH of 60%. In comparison, 
in drying at 80 ℃, only the drying at RH of 20% showed a decrease in Deff. Drying at 80 ℃ and 
60% RH resulted in the highest Deff in both samples treated with and without ultrasound. As 
discussed before, high humidity (60% RH) can potentially decrease the fast-rising temperature at 
the surface of the sample. This trend was also observed in the second falling period (Figures 6.9 
and 6.10). The Deff in the first falling period is 3-4 times higher than in the second falling period. 
During drying of porous materials, a transition occurs from the first to the second falling period. 
During this transition, the sample undergoes physical changes such as shrinkage and case 




 Arrhenius dependency of the Deff on temperature is shown in Figs. 6.11 A and 6.11 B. No 
previous studies have evaluated the effect of RH of intake air in a drying test. The plots were used 
to calculate activation energy. The activation energy (Ea) of apple samples without US pre-
treatment ranged from 19.8 
KJ
mol
 to 43.66 
KJ
mol
 in the first falling period and from 21.6 
KJ
mol
 – 88.17 
KJ
mol
 in the second falling period (Table 6.2). This indicated that the water removal in the 2nd falling 
rate is more difficult as a higher energy is required to mobilize/activate the water molecules.  




 to 40.62 
KJ
mol
 in the first falling period and from 23.31 
KJ
mol
 – 51.01 
KJ
mol
 in the second 
falling period (Table 6.2). Similar to the drying without US pretreatment, the Ea in the 1
st falling 
rate period was higher than that in the 2nd falling rate period. In addition, in the 1st falling rate 
period, the Ea of US-pretreated samples are higher than those without US pretreatment, except 
drying at 40% RH (Table 6.2). However, in the 2nd falling rate period, the Ea of US-pretreated 
apples are generally lower than that of the non-US pretreated samples. Changes in the Ea can be 
linked to changes in Deff (Aghbashlo et al., 2008). As can be seen in Figures 6.4 and 6.6, drying of 
US-pretreated samples in the 1st falling rate period is faster indicated by a higher Deff than the no 
ultrasound treated.  
 Tables 6.3 and 6.4 show the statistical parameters (R2, χ2, and RMSE) for the fitting of 
drying data to the three thin-layer drying models for apples treated without and with ultrasound, 
respectively. Under all drying conditions, a good fit (R2 > 0.91) can be observed for most of the 
equations. The best model is considered the one with the highest R2 and the lowest χ
2 and RMSE. 
The best model for each drying condition is highlighted in bold font (Tables 6.3 and 6.4). 
Generally, the Page equation yielded a best fit under many drying conditions. The other 3 models 
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also yielded a best match under some conditions (6 out of 9 for no US treatment samples and 5 out 
of 9 got US-pretreated).  
 Color readings of the samples dried under different conditions are presented in Table 6.5. 
A total color difference (ΔE) of close to zero indicates that the sample has a similar color to the 
control (fresh red delicious apples). In all cases, drying at lower temperatures (60 ℃) produced a 
lower color change. There are no significant differences in color changes when drying at 70 ℃ or 
80 ℃, independently of the RH of intake air.  Drying at 80 ℃ produced a higher color change than 
drying at 60 ℃ and 70 ℃ in US treated apples. It is important to see that fewer color changes were 
observed in the US-treated apples (Table 6.5). Sonication may have inactivated enzymes causing 
apple discoloration.  
 Browning indexes from different drying conditions are presented in Table 6.6. Lightness 
change is less evident in samples pre-treated with ultrasonication. In all cases, drying at lower 
temperatures (60 ℃) produced a lower lightness change. There are not significant differences in 
lightness change when drying at 70 ℃ or 80 ℃, regardless of the RH of intake air. Again, less 
color change was also observed in the US-treated apples (Table 6.6).  
When apples are sliced and in contact with oxygen, polyphenol oxidase enzymes (PPO) 
present in the cells oxidase phenolic compounds of the apple, producing a brown color. Ascorbic 
acid can be used to preserve the apple color (Jang and Moon, 2011). Other technologies such as 
ultrasound can be used by itself or in combination with other chemical inhibitors to prevent 
browning (Lopez et al., 1994, Jang and Moon, 2011, Cheng et al., 2013, Sulaiman et al., 2015). 
The lower color change and lower browning index in this study can be attributed to the 
ultrasonication pre-treatment. Color difference of dried samples can be observed in Fig. 6.16. 
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 The rehydration capacity of the dried apples is shown in Table 6.7.  No significant 
difference was observed in the rehydration capacity of samples dried at 60 ℃, 70 ℃, and 80 ℃. 
Relative humidity of intake air and ultrasonication pretreatment does not cause significant 
differences in the rehydration capacity.  
 Figure 6.12 shows the drying curves strawberry slices at 50 ℃ and four RH levels: 20%, 
40, 50%, and 60%. Strawberry slices dried at 50 ℃ and RH of 40% reached a constant moisture 
content up to 20% (or 25 min.) faster than the rest of the samples (Fig. 6.12). The Deff of 
strawberries dried at four levels of RH is shown in Fig. 6.13. In this study, the Deff of the 
strawberries dried at 50 ℃, ranged from 2.44 x 10-8 
𝑚2
𝑠
 to 4.40 x 10-8 
𝑚2
𝑠
 in the first falling period 
and 0.041 x 10-8 
𝑚2
𝑠
 to 1.14 x 10-8 
𝑚2
𝑠
 in the second falling period.  
 The drying curves of chickpeas at 150 ℃ and three RH levels: 40%, 50, and 50% are shown 
in Fig. 6.14. The whole chickpeas dried at 150 ℃ and RH of 40% reached a lower and constant 
moisture content up to 25% (or 15 min.) faster than the other samples (Fig. 6.14). The Deff of 
chickpeas dried at three levels of RH is shown in Fig. 6.15. In this study, the Deff of chickpeas 
dried at 50 ℃ ranged from 18.20 x 10-8 
𝑚2
𝑠




 The Deff of strawberries in the first falling period was significantly lower when drying at 
50 ℃ and low RH (20%) or high RH (50% and 60%). Significantly higher Deff of strawberries was 
observed in drying at 50 ℃ and 40% RH. When the RH of the intake air was ≥50%, the Deff in the 
second falling rate of strawberries (Fig. 6.13) and in the diffusivity of chickpeas (Fig. 6.15) were 
lower than other treatments. The relative humidity of the intake air was an important factor during 
drying at low (50 ℃) and high (150 ℃) temperatures. Rahman et al. (2005) reported a faster drying 
time and higher Deff when drying at 35 ℃ and RH 40% compared to drying at the same temperature 
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but a higher RH (55% and 70 %). This confirmed that a fast drying is expected for drying at a low 
relative humidity if no case hardening is observed (Bai et al., 2002, Rahman et al., 2005). 
 Tables 6.8 and 6.9 show the statistical parameters (R2, χ2, and RMSE) for the fitting of the 
thin-layer drying models with the drying data of strawberries and chickpeas, respectively. Under 
all drying conditions, the models showed an acceptable fit (R2 > 0.90). The best model for each 
drying condition is shown in bold font (Tables 6.8 and 6.9). It is important to see that depending 
on the drying characteristic, the best fit was observed for different models. No other research in 
the past has evaluated this phenomenon. An understanding of the best models according to a 
specific drying characteristic is important.  
 
6.5 Conclusions 
 Drying performance and effective moisture diffusivity of apples, chickpeas, and 
strawberries were evaluated using a newly-developed single-channel hot-air dryer at different 
temperatures, air velocity and relative humidity (RH) of intake air. Selected quality attributes 
(color and rehydration) of the apples dried at different air temperatures and RH, pretreated with or 
without ultrasound were also evaluated. The importance of RH of the intake air is often neglected 
during the design of drying experiments for research and manufacturing settings. As expected, it 
was found that high drying temperatures improved the mass transfer rate (higher Deff and short 
drying time). The RH of intake air was shown to play an important role. Ultrasonication proved to 
be an important technology to use as a pre-treatment of samples to increase diffusivity, reduced 
drying time up to 50% and improve quality (color and rehydration) of dried samples. The 4 thin 
layer models provided a good fit of the drying data, but the Page equation was able to provide a 
best fit under more drying conditions than the other three models. This study provides important 
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6.7 Figures and tables 
 
 
Figure 6.1. Effect of RH of intake air during drying at 60 ℃. Drying curves (A) and Drying rate 
curves (B) of apples dried at 60 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s 
and US pretreatment 
 
























































)] of apples dried at 60 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s and 
US pretreatment 
Means between treatments (% RH) with the same letter in each sample are not significantly 
different (p<0.05) 
a-b. Deff 1 (No US) 
x-z. Deff 2 (No US) 
A-B. Deff 1 (US) 
X-Z. Deff 2 (US) 
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Figure 6.3. Effect of RH of intake air during drying at 70 ℃. Drying curves (A) and Drying rate 
curves (B) of apples dried at 70 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s, 
and US pretreatment 
 
























































)] of apples dried at 70 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s and 
US pretreatment 
Means between treatments (% RH) with the same letter in each sample are not significantly 
different (p<0.05) 
a-b. Deff 1 (No US) 
x-z. Deff 2 (No US) 
A-B. Deff 1 (US) 
X-Z. Deff 2 (US) 
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Figure 6.5. Effect of RH of intake air during drying at 80 ℃. Drying curves (A) and Drying rate 
curves (B) of apples dried at 80 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s 
and US pretreatment 
 
























































)] of apples dried at 80 ℃, RH of intake air at 20%, 40% and 60%, air velocity of 2 m/s and 
US pretreatment 
Means between treatments (% RH) with the same letter in each sample are not significantly 
different (p<0.05). 
a-b. Deff 1 (No US) 
x-z. Deff 2 (No US) 
A-B. Deff 1 (US) 
X-Z. Deff 2 (US) 
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Figure 6.7. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] (1st falling period) of apples dried at 60 ℃, 






























Figure 6.8. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] (1st falling period) of US pretreated apples 




































Figure 6.9. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] (2nd falling period) of apples dried at 60 ℃, 






























Figure 6.10. Effective moisture diffusivity [Deff (
𝑚2
𝑠
)] (1st falling period) of US pretreated apples 


































Figure 6.11. Arrhenius-type temperature dependence of the moisture diffusivity in apples dried 
at 60 ℃, 70 ℃ and 80 ℃; with intake air RH at 20%, 40%, and 60%. Figure A (No US) and 
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Figure 6.12. Effect of RH of intake air on drying curves of strawberries dried at 50 ℃, air 
velocity of 5 m/s, and RH of intake air at 20%, 40%, 50%, and 60% 
 
 























 20% - 50°C
 40% - 50°C
 50% - 50°C








strawberries dried at 50 ℃, air velocity of 5 m/s, and RH of intake air at 20%, 40%, 50%, and 
60% 
a-b. Deff 1. Means with the same letter in each sample are not significantly different (p<0.05). 






20% 40% 50% 60%



























Figure 6.14. Effect of RH of intake air on drying curves of chickpeas dried at 150 ℃, air 
velocity of 2 m/s, and RH of intake air at 40%, 50%, and 60% 
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 50% - 150°C
 60% - 150°C
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strawberries dried at 50 ℃, air velocity of 5 m/s, and RH of intake air at 20%, 40%, 50%, and 
60% 
























































Intake air Relative Humidity 








60 ℃ 70 ℃ 80 ℃ 20% 40% 60% 2 m/s 
Chickpeas No 150 ℃ 40% 50% 60% 2 m/s 
Strawberries No 50 ℃ 20% 40% 50% 60% 5 m/s 
 













































20% RH. 60 ℃ - 80 ℃ 19.8 66.44 33.95 51.01 
40% RH. 60 ℃ - 80 ℃ 27.11 21.26 40.62 26.31 
60% RH. 60 ℃ - 80 ℃ 43.66 88.17 40.38 33.05 
 


















intake air % 
Temperature 
(℃) 









Lewis 0.9971 0.000513 0.02202 
Henderson and Pabis 0.9969 0.000301 0.01688 
Page 0.9991 0.000091 0.00927 
Wang and Singh 0.9977 0.008871 0.02725 
 
70 ℃ 
Lewis 0.9917 0.000863 0.02879 
Henderson and Pabis 0.9900 0.002319 0.04719 
Page 0.9925 0.000622 0.02443 
Wang and Singh 0.9856 0.002052 0.04409 
 
80 ℃ 
Lewis 0.9964 0.004275 0.06372 
Henderson and Pabis 0.9946 0.024570 0.15278 
Page 0.9685 0.001014 0.03105 









Lewis 0.9954 0.000363 0.01857 
Henderson and Pabis 0.9955 0.000334 0.01781 
Page 0.9914 0.000791 0.02741 
Wang and Singh 0.9896 0.000934 0.02979 
 
70 ℃ 
Lewis 0.9953 0.004922 0.06704 
Henderson and Pabis 0.9920 0.000861 0.02805 
Page 0.9935 0.000444 0.02062 
Wang and Singh 0.9980 0.000771 0.02693 
 
80 ℃ 
Lewis 0.9474 0.004308 0.06306 
Henderson and Pabis 0.9799 0.012058 0.10551 
Page 0.9946 0.007868 0.08522 









Lewis 0.9952 0.001152 0.03334 
Henderson and Pabis 0.9939 0.000882 0.02918 
Page 0.9970 0.000337 0.01805 
Wang and Singh 0.9958 0.002622 0.05035 
 
70 ℃ 
Lewis 0.9934 0.002175 0.04586 
Henderson and Pabis 0.9892 0.002236 0.04649 
Page 0.9985 0.000162 0.01251 
Wang and Singh 0.9934 0.002674 0.05097 
 
80 ℃ 
Lewis 0.9712 0.029504 0.16631 
Henderson and Pabis 0.9927 0.028630 0.16383 
Page 0.9982 0.013612 0.11296 
Wang and Singh 0.9882 0.003033 0.029096 
 







intake air % 
Temperature 
(℃) 









Lewis 0.9683 0.001194 0.03369 
Henderson and Pabis 0.9742 0.014270 0.11643 
Page 0.9685 0.012043 0.10696 
Wang and Singh 0.9900 0.137229 0.02764 
 
70 ℃ 
Lewis 0.9907 0.002017 0.03458 
Henderson and Pabis 0.9687 0.095213 0.29935 
Page 0.9970 0.001170 0.39999 
Wang and Singh 0.9926 0.102210 0.05847 
 
80 ℃ 
Lewis 0.9591 0.008766 0.08882 
Henderson and Pabis 0.9595 0.008276 0.08630 
Page 0.9476 0.001170 0.03245 









Lewis 0.9923 0.001054 0.03103 
Henderson and Pabis 0.9943 0.002388 0.04780 
Page 0.9171 0.030660 0.17125 
Wang and Singh 0.9954 0.000675 0.02542 
 
70 ℃ 
Lewis 0.9720 0.007647 0.08402 
Henderson and Pabis 0.9690 0.005178 0.06619 
Page 0.9966 0.000424 0.02058 
Wang and Singh 0.9950 0.000721 0.03070 
 
80 ℃ 
Lewis 0.9843 0.002729 0.05019 
Henderson and Pabis 0.9799 0.003656 0.05809 
Page 0.9946 0.000605 0.02364 









Lewis 0.9764 0.007278 0.08383 
Henderson and Pabis 0.9638 0.021562 0.14429 
Page 0.9931 0.000818 0.02811 
Wang and Singh 0.9954 0.020690 0.14164 
 
70 ℃ 
Lewis 0.9894 0.001312 0.03555 
Henderson and Pabis 0.9860 0.003134 0.05494 
Page 0.9903 0.000859 0.02877 
Wang and Singh 0.9803 0.026053 0.15870 
 
80 ℃ 
Lewis 0.9898 0.005230 0.07002 
Henderson and Pabis 0.9927 0.012803 0.10955 
Page 0.9968 0.000218 0.01430 
Wang and Singh 0.9883 0.001664 0.03905 
 






% RH intake 
air at 25 ℃ 
US at 25 kHz Drying temperature (℃) 
60 ℃ 70 ℃ 80 ℃ 
20% 0 min 21.7 ± 2.3 ab 20.2 ± 2.2 abc 17.1 ± 2.3 cd 
40% 0 min 15.0 ± 3.3 d 20.7 ± 2.0 abc 19.4 ± 1.6 abc 
60% 0 min 15.5 ± 1.1 d 21.6 ± 1.6 abc 19.0 ± 2.8 c 
20% 1 min 7.4 ± 0.7 CD 10.2 ± 1.5 A 10.1 ± 2.0 AB 
40% 1 min 7.1 ± 1.9 BCD 7.8 ± 1.0 C 9.7 ± 0.8 A 
60% 1 min 7.6 ± 1.3 BCD 8.6 ± 1.1 ABC 9.9 ± 1.4 AB 
 
Table 6.5. Color change (∆E) of apples undergoing drying at three levels of intake air relative 
humidity, three drying temperatures and US pretreatment 
a-d. Color change means (∆E) between treatments without US pretreatment with the same letter in 
each sample are not significantly different (p<0.05) 
A-D. Color change means (∆E) between treatments undergoing US pretreatment with the same 











% RH intake 
air at 25 ℃ 
US at 25 kHz Drying temperature (℃) 
60 ℃ 70 ℃ 80 ℃ 
20% 0 min 11.8 ± 1.9 bc 13.3 ± 1.6 abc 10.7 ± 2.2 cd 
40% 0 min 7.9 ± 3.6 e 13.1 ± 2.2 abc 11.5 ± 2.8 bc 
60% 0 min 8.2 ± 2.1 de 11.5 ± 2.1 c 11.3 ± 2.9 bc 
20% 1 min 3.9 ± 1.3 CD 5.4 ± 2.6 ABC 6.0 ± 2.3 ABC 
40% 1 min 3.5 ± 1.8 CD 2.3 ± 1.3 D 1.3 ± 1.1 D 
60% 1 min 3.7 ± 0.8 CD 2.7 ± 1.1 CD 3.3 ± 1.4 CD 
 
Table 6.6. Browning index (∆L) of apples undergoing drying at three levels of intake air relative 
humidity, three drying temperatures and US pretreatment 
a-e. Browning index means (∆L) between treatments without US pretreatment with the same letter 
in each sample are not significantly different (p<0.05) 
A-D. Browning index means (∆L) between treatments undergoing US pretreatment with the same 











% RH intake 
air at 25 ℃ 
US at 25 kHz 
Drying temperature (℃) 
60 ℃ 70 ℃ 80 ℃ 
20% 0 min 1.53 ± 0.22 1.56 ± 0.23 1.68 ± 0.14 
40% 0 min 1.53 ± 0.28 1.58 ± 0.33 1.67 ± 0.08 
60% 0 min 1.47 ± 0.31 1.54 ± 0.76 1.71 ± 0.17 
20% 1 min 1.67 ± 0.33 1.81 ± 0.11 1.79 ± 0.27 
40% 1 min 1.65 ± 0.11 1.71 ± 0.19 1.91 ± 0.41 
60% 1 min 1.58 ± 0.08 1.65 ± 0.15 1.74 ± 0.10 
 
Table 6.7. Rehydration capacity of apples undergoing drying at three levels of intake air relative 
















RH of intake air 
% 











Lewis 0.9735 0.002131 0.04560 
Henderson and Pabis 0.9779 0.000943 0.03033 
Page 0.9962 0.004240 0.06432 
Wang and Singh 0.9939 0.000459 0.02108 
 
40% 
Lewis 0.9417 0.008578 0.09058 
Henderson and Pabis 0.9517 0.005910 0.07517 
Page 0.9872 0.000629 0.02452 
Wang and Singh 0.9894 0.002298 0.04697 
 
50% 
Lewis 0.9665 0.002017 0.04461 
Henderson and Pabis 0.9752 0.003278 0.05688 
Page 0.9878 0.000430 0.02059 
Wang and Singh 0.9954 0.001820 0.04239 
 
60% 
Lewis 0.9838 0.000694 0.02613 
Henderson and Pabis 0.9859 0.001415 0.03730 
Page 0.9879 0.001626 0.03559 
Wang and Singh 0.9851 0.000931 0.03020 
 









RH of intake air 
% 









Lewis 0.9743 0.043843 0.20939 
Henderson and Pabis 0.9753 0.701555 0.77546 
Page 0.9444 0.004041 0.06061 
Wang and Singh 0.9893 0.016980 0.03929 
 
50% 
Lewis 0.9731 0.002058 0.04358 
Henderson and Pabis 0.9750 0.003537 0.05714 
Page 0.9402 0.002611 0.04909 
Wang and Singh 0.9768 0.005159 0.06557 
 
60% 
Lewis 0.9594 0.002425 0.04731 
Henderson and Pabis 0.9640 0.005058 0.06833 
Page 0.9446 0.001919 0.04208 
Wang and Singh 0.9813 0.004158 0.05886 
 












CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 
 The overall goal of this project was to develop a new hot-air dryer platform capable of 
modifying drying parameters such as drying temperature, air velocity, and relative humidity of the 
intake air. Specifically, the capacity to modify air to a wide range of drying temperatures and 
relative humidity was built into the equipment. The effect of drying at 3 temperatures and up to 
four levels of intake air humidity was used to conduct drying experiments on apples, chickpeas, 
and strawberries. The drying data was used to evaluate the effect of ultrasound pretreatment, drying 
temperature, and relative humidity of the intake air on the drying kinetics. 
 In the first study, the results showed that (1) ultrasound pretreatment enhanced the drying 
of apples and snap peas and the hydration of barley grains, (2) changes in product surface 
microstructures in ultrasound-pretreated samples was evidenced by SEM, which may contribute 
to the improvement of drying time, and (3) a lower equilibrium moisture content than the control 
was observed in apples and snap peas, showing the potential of reducing drying cost or improving 
product stability. 
 The outcomes of study 2 showed that (1) spoiled samples dried up to 30% faster than the 
fresh counterparts, (2) significantly higher effective moisture diffusivity was observed in the 
spoiled samples, and (3) a higher microbiological load and more microstructural changes were 
observed by SEM, confirming microstructure alteration, caused by spoilage. 
 In the third study, the results showed that (1) four fruits and  three vegetables subjected to 
drying with 3 drying methods exhibited different responses with regard to quality retention, (2) 
the freeze-dried fruits showed a better quality retention compared with those dried with the 
Refractance Window and hot-air dried methods, (3) the hot air drying was detrimental in the 
retention of green color in vegetables, and (4) the glass transition temperature of the fruits was 
155 
 
significantly lower (about 40 ℃ lower) than that of the dried vegetables, and (5) the Refractance 
Window drying can also yield products with relatively good quality retention at a low cost. 
 In the fourth study, it was found that (1) high drying temperatures improved the mass 
transfer rate (higher Deff and short drying time), (2) the RH of intake air played an important role 
during drying processes, even at temperatures as high as 80 ℃, and (3) the ultrasound treatment 
was effective for increasing moisture diffusivity, reducing drying time up to 50%, and improving 
quality (color and rehydration) of dried samples. 
 In summary, the newly developed single-channel hot-air dryer accurately controls and 
modifies the drying temperature, air velocity, and relative humidity of intake air, while constantly 
monitoring the weight changes and other drying parameters throughout the entire drying process. 
This new equipment is capable of operating at wide ranges of temperatures (25 ℃ up to 200 ℃), 
air velocities (0.5 m/s to 5 m/s), and relative humidities of intake air (15% up to 85% at 25 ℃). 
These characteristics are desirable to replicate commercial manufacturing conditions to facilitate 
drying research and provide more reliable and scalable data to the food drying industry. 
 For future studies, a multichannel dryer (in fabrication process) will be used to provide 
drying data up to 8 times faster than the current single-channel dryer. This would provide a 
platform to perform one drying run to obtain data under multiple drying conditions. In addition, 
product quality characteristics such as ascorbic acid, anthocyanins, and vitamin degradation can 
be evaluated with such equipment with capacity to generate data from multiple drying tests in one 
test run. Automatization of controls and a smartphone application can be developed to improve 






SINGLE-CHANNEL HOT-AIR DRYER 
 
 














Continuation of APPENDIX A 
 



















MULTICHANNEL HOT-AIR DRYER PLATFORM 
 







Continuation of APPENDIX B 
 














Continuation of APPENDIX B 
 
Figure B.3. Fans (A) and US humidifiers (%) of multi-channel hot-air dryer prototype 
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